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ABSTRACT 
ROLE OF PROGRAMMED CELL DEATH IN DEFINING ZEBRAFISH 
DEVELOPMENT. 
Nathaniel Abraham 
Embryogenesis takes place by cell proliferation, cell growth and Programmed Cell 
Death (peD). Two pathways ofPCD, apoptosis (or PCD-I) involving caspases, and 
autophagy (or PCD-II) involving lysosomes, have been well characterized in several 
species. Using the zebrafish (Danio retio) model, we asked whether apoptosis or autophagy 
was a default program of death across organs and tissues with the other pathway playing a 
complementary role, or, whether they were parallel pathways independently active in 
different tissues. 
To answer this, we used light and fluorescence microscopy techniques and 
investigated autophagy and apoptosis as functions of time and location during the first 
week of development of the zebrafish embryo. Lysosomal (autophagic) and caspase 3 
(apoptotic) activities were tracked across organs and tissues by the acidotropic dye 
LysoTracker red® and caspase 3 substrate PhiPhiLux®, respectively. 
We identified both autophagic and apoptotic activities in association with PCD 
that occurred during the morphogenesis of the olfactory placode, eyes, skin, tail, somites, 
and vent; but there were also several prominent differences; in the notochord \,ve 
identified only caspase 3 activity, whereas in the myotome and developing fin buds, we 
observed only lysosomal activity. In the olfactory placode, apoptosis preceded autophagy. 
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When autophagy and apoptosis were inhibited individually by using 3 
methyladenine and Z-DEVD-FIVIK, respectively, gross morphological abnormalities 
resulted (some resembling human congenital conditions) and these embly-os died within a 
week. The phenotypic changes were found to be sllrilar in organs and tissues where 
apoptotic and autophagic activity had overlapped and to vary in regions where one type 
of PCD had been exclusive. 
Thus, we determined that in most organs and tissues, neither apoptosis nor 
autophagy is a default program of death, but that both activities are required for normal 
morphogenesis; while in some tissues they could be complementary, in most tissues they 
play essential, individual roles. 
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/~ .. Cast the net on the right side of the ship and you shall find. .. // 
St. John.21: 6. 
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CHAPTER! 
Introduction: 
A. The Death Program: 
Embryogenesis takes place by cell proliferation, cell growth, and programmed 
cell death (FeD). PCD is a key concept term coined by Lockshin and Williams in 1964 
and by definition (in our present understanding of gene function) implies a genetic 
controL The concept also includes the presumption of a host of factors regulating PCD. 
While the existence of cell death (initially described as "chromatolysis") during 
development has been known for about 150 years (see review by Clarke and Clarke, 
1996), only in the past 3 or 4 decades has the mechanism been explored. There are at 
least two well-recognized pathways for PCD. 
B. Autophagic cell death pathway: 
This pathway also known as Type II FCD, involves the fusion of cell 
components destined for destruction with autophagic vacuoles. The cell components can 
either be collected inside organelle called autophagosomes, in which case the process is 
known as macroautophagy, or can fuse directly with lysosomes, in which case it is known 
as microautophagy. Major enzymes involved in this pathway are cysteinyl protcases 
cathepsin D and B originally found in primary lysosomes. Autophagy is more universally 
represented than apoptosis, being found in plants (Fukuda, 2000), invertebrates such as 
insects (Lockshin and Zakeri, 1994), as well as in vertebrates (Klionsky and Emr, 2000). 
The autophagic activity in plants differs to an extent from that found in animals in the 
sense that (i) In plants, hydrolytic enzymes are found concentrated in vacuoles rather than 
1 
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in lysosomes and (ii) in cell death, only the protoplast and not the cell wall is removed, 
thus leaving behind a cell component. 
There are three classHications under autophagy as macro-, micro- and chaperone 
mediated autophagy. 
Macroautophagy: 
This is typically seen in cells dying under stress and involves formation of large 
bag-like autophagosomes that collect cell organelles and other components destined for 
destruction. These autophagosomes ultimately fuse with autophagic vacuoles and get 
destroyed, and the protein components are recycled. Some genes identified as important 
in macro autophagy in yeast are the aut or apg genes. The hydrolytic enzyme cathepsin D is 
important in autophagy in mice as demonstrated by Kuida et ai. (1996) using cathepsin D 
knockouts. Macroautophagy is experimentally induced by energy deprivation (Klionsky 
and Ohsumi, 1999). 
Microautophagy: 
Though microautophagy has many of the characteristics of macroautophagy, it is 
typically seen in cells under normal (or stress free) conditions (Ahlberg, Marzella, and 
Glaumann, 1982). The cell organelle meant for destruction, fuses directly with lysosomes, 
which invaginate and phagocytose it. 
Chaperone mediated autophagy: 
This autophagic process is confined to specific substrate proteins (Chiang and 
Dice, 1988). Proteins that contain a KFERQ sequence are guided to lysosomes by 
2 
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chaperone proteins hJC 73 (Cuervo et Cll., 1994) and degraded (Cuervo, Dice, and Knecht, 
1997). This pathway has been observed in cultured fibroblasts during extended periods of 
starvation. 
Hydrolytic enzymes in lysosomes and vacuoles are responsible for recycling cell 
debris even when not participating in PCD and hence present an ideal, readily available 
machinery for executing PCD. In fact, for the elimination of large organelles like 
mitochondria, autophagy may be required. Autophagic cell death has been found to occur 
extensively in metamorphosing insects in some of which 100% of the tissue is eliminated. 
In several models, inhibition of lysosomal proteases has been more effective than 
inhibition of caspases in preventing cell death (Lockshin and Zakeri, 2002). 
C. Apoptotic cell death pathway: 
Also known as Type I PCD, apoptosis (Gr: a/ailing oj]) deals with the activation of 
one or more caspases (site-specific cysteinyl proteases, all of which recognize a 3 or 4 
amino acid sequence terminating in an aspartate (D) and cleaving C-terminal to that D-
Cysteinyl ASPartate-recognizing proteASE). Activation of an effector caspase, which 
itself is typically activated by an initiator caspase (described on the following page) leads 
to a particular morphology characterized by Kerr, Wyllie, and Currie in 1972 in which 
dying cells have pyknotic (shrunken, clumped from Gr: Jhorf; thick) or den.re) nuclei 
presumably due to inter-nucleosomal DNA fragmentation, marginalization, and 
condensation of the chromatin and blebbing of the cell membrane with exteriorization of 
phosphatidylserine. The inter-nucleosomal fragmented DNA leaves a ladder-like pattern 
of bands when the DNA is electrophoresed on a gel. Apoptosis culminates in resolution 
of the apoptotic cell by macrophages or neighboring cells. Many of the current concepts 
3 
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on apoptosis comes from the study of mutants of the ascarid C e/egam by Hor\;itz and 
colleagues. They demonstrated that the sequential demise of 131 cells from a total of 
1090 somatic cells in the nematode during development was under the control of a small 
number of genes. Two of the genes that were directly responsible for the deaths were 
named red3 and ced4 (Ellis and Horvitz, 1986). These studies were a major part of the 
discoveries based on Caenorhabditis genetics that were recognized in a N abel prize for 
Horvitz, Brenner, and Sulston in 2002. Ced9, another gene in Ceiegam is anti-apoptotic 
and critical for survival (Hengartner, Ellis, and Horvitz, 1992). A hunt for mammalian 
homologues identified two families, the caspases homologous to Ced 3 and Ced 4; and 
Bel2, a member of a family of powerful regulators of apoptosis homologous to Ced 9 
(Hengartner et ai, 1992). The Bel family of proteins has both pro-apoptotic (e.g., Bax, Bad, 
Blk) and anti-apoptotic members (e.g., Bcl-2, Bel-xl, Bcl-w) and the ratio between both 
activities determine cell fates (reviewed by Reed, 1998). 
Caspases: 
Caspases are synthesized as inactive zymogens, which dimerize and become 
cleaved in order to become active. They are classified as initiator (e.g., caspase 8, 9) and 
effector caspases (e.g. caspase 3, 7) depending on their position in a cascade of sequential 
activations by autocatalysis, which culminates in the destruction of the cell by effector 
caspases (reviewed by Cohen, 1997; Boatright and Salvesen, 2003). Two different sub-
pathways exist within Type I PCD. The first is a receptor-mediated pathway (death 
receptor pathway) and the other is known as the mitochondrial pathway (Fig. 1 ) 
4 
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Receptor mediated pathway: 
As the name suggests, this pathway of death is triggered by specific receptors in 
response to extracellular signals (ligands). The ligands, which initiate this pathway, belong 
to the Tumour Necrosis Factor alpha family (TNFa) as can be seen from the simplified 
scheme (Fig.1). Some of the prominent ligands include FasL (CD95) and TNFa. When 
Fas ligand binds to the transmembrane Fas receptor, the cytosolic domain of the receptor 
in turn binds with the Fas Associated Death Domain Protein (FADD). FADD proteins 
associate with Fas and other adapter proteins to form the Death-Inducing Signaling 
Complex (DISC), which activates Procaspase 8. The transmembrane TNF receptor 
follows a parallel pathway of death signaling on activation by TNF, but on the cytosolic 
side, it interacts with a death effector domain protein called as TNF i\ssociated Death 
Domain protein (TRADD) instead of the FADD, which associates with Fas. TRi\DD 
when bound to TNF and other adapter proteins also acts as a DISC and activates caspase 
8. The activation of caspase 8 triggers subsequent rounds of activation of other 
downstream caspases, which then act on their respective cell substrates. The hydrolysis of 
the various caspase substrates ultimately results in the controlled destruction of the cell 
(Orlinick, Vaishnaw, and Elkon, 1996). 
The receptor mediated pathway is commonly used in an immune response, where 
expression of Fas receptor in an infected/ cancerous cell or cell undergoing PCD leads to 
its binding by cytotoxic killer T cells expressing the Fas ligand (Nagata and Golstein, 
1995; Henkart et ai, 1997), thereby triggering the death cascade. Using this mechanism, T 
cells also undergo PCD and maintain cell numbers during the phaseout of an immune 
5 
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response by presenting Fas ligand and receptor to each other (l\lagata 
Henkart et ai, 1997). 
Mitochondrial pathway: 
Golstein, 1995; 
Xiaodong Wang's lab, studying caspases in a cell free system, found caspase 3 to 
become activated on addition of ATP. The molecule that mediated the reaction was 
identified as cytochrome c and the other participant in this reaction was found to be 
Apoptosis Protease Activating Factor-1 (AP AF 1, Liu et aI., 1996; Zou et aI., 1997). When 
purified cytochrome c and APAF 1 were added together in the presence of A TP / dA TP, 
the molecules assembled in a wheel-like conformation comprising 7 molecules each of 
ATP, APAF 1 and Cytochrome c (Hu et al.) 1998). This complex was named as the 
apoptosome and was found to cause the cleaving of procaspase 9 to caspase 9 (reviewed 
by Jiang and Wang, 2004; Kuwana and Newmeyer, 2003). Thus, it appears that in the 
mitochondrial pathway, depolarization of mitochondria leads to the release of 
cytochrome c which binds with APAF-1 and recruits pro-caspase 9 into the apoptosome 
(Fig. 1). The cleaved Caspase 9 then activates other caspases down the cascade that 
consequently cut essential cell proteins and induce cell suicide (Zou et ai., 1997; Orrenius, 
2004).Pro-apoptotic and anti-apoptotic proteins govern the release of cytochrome c. The 
major regulators of the mitochondrial pathway belong to the Bel family of proteins. 
The Bel superfamily of proteins have pro-apoptotic as well as anti-apoptotic 
members (reviewed by Reed 1998). Increased pro-apoptotic activity of a Bd family 
member like Bax is believed to result in the formation of pores in the mitochondrial 
membrane (Eskes et aI., 2000) leading to cytochrome c release. Anti-apoptotic members 
such as Bcl-2 prevent the accidental release of cytochrome c (Fig. 1). 
6 
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A third possible pathway involving the endoplasmic reticulum is presently under 
investiga tion. 
Irrespective of the initiator caspases (i.e.) 8 or 9), the furthest downstream effector 
caspase in either case is caspase 3 or 7. Autocatalysis ensures that once caspase 3 is 
activated, other caspases are also activated resulting in an amplifying cascade. Thus, 
caspase 3 activation may constitute a possible irreversible step to death. Activation of 
effector caspases such as caspase 3 or 7 leads to the dismantling of laminins, enzymes 
such as poly ADP-ribose Polymerase (P r\RP), components of the cytoskeleton such as 
actin, filamin, gelsolin, and any other protein that has an accessible DEVD sequence 
leading to the classical morphology of apoptosis (Reviewed by Nicholson and 
Thornberry, 1997). In all, about 280 structural and functional proteins have been found 
to be substrates for caspases. 
The importance of caspases is underlined by the tumor suppressor protein P53 
which is believed to initiate the death program in DNA-damaged cells by upregulating 
Bax, resulting in formation of pores in the mitochondrial membrane (Eskes et aL, 2000; 
Norbury and Zhivotovsky, 2004). The pores lead to release of cytochrome c and 
activation of caspase 9, which leads to the destruction of the cell, thereby preventing 
potentially cancerous cells from multiplying. Failure of this pathway is believed to permit 
cancerous cells to survive. 
Due to the well-documented clinical nature of apoptosis in C. elegam, considerable 
attention has been focused on apoptosis, which has inadvertently resulted in the 
autophagic pathway being sidelined. But as shown above, the autophagic cell death 
pathway is equally, if not more, important as apoptotic pathway in shaping the developing 
embryo. 
7 
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D. Meaning the Program: 
While the apoptotic and autophagic pathways may overlap or occur in discrete 
tissues, t.he result is the physiological removal of marked cells, which pave the way for 
emergence of other organs and structures (morphogenesis), destruction of DNA-
damaged cells (i.e., potentially cancerous cells) and tissue homeostasis in adults. In a 
nutshell, a balance between mitosis and peD is essential for normal development and 
function. 
E. Notable Instances of peD: 
peD is active during the regression of the tail in tadpoles during metamorphosis 
(Tata, 1994), the removal of interdigital webbing in vertebrates during development 
(Zakeri, Quaglino, and Ahuja, 1994), the atrophy of the unfertilized ovum after menses in 
h1.Lmans (Hopwood and Levison, 1976), the elimination of the salivary gland in 
metamorphosing Drosophila larvae (Abrams et 01., 1993), the removal of labial glands in 
horn worms (Lockshin and Zakeri, 1994), and formation of ventricles of the brain in 
vertebrates (Kuida et aI., 1996). 
As can be seen from the above examples, peD has many significant roles and 
especially morphogenetic ones in different organs during development. In many 
instances, peD during embryogenesis eliminates tissues no longer required for 
functioning. These tissues may have served as scaffolds during embryogenesis as seen in 
the clearing of inter-d(~ital webbing in vertebrates. A similar process known as partial 
peD, in which some components of the cell like the cell membrane and cytoplasm 
remain, has been implicated in the programmed clearing of organelles from tissues such 
8 
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as red blood cells and lens of the eye, both of necessarily lose their organelles to 
become functionaL 
Some of the important questions that remained to be addressed and that formed 
the basis of this thesis are, of the two well-characterized pathways of programmed cell 
death found in organisms, is autophagic or apoptotic cell death a default pathway or is 
autophagy a sequential complement to apoptosis or vice versa? Or, are they two parallel 
pathways, which work independently of each other in different tissues? 
And if present (either independently or together), what roles do the differing 
forms of cell death play during the development of tissues, organs, and systems of the 
animal? In the longer run, we "wish to know how and why each pathway is chosen, but we 
cannot address that issue here. 
We decided to address the role of the two programmed cel1 death pathways in 
sculpting embryonic development using the zebrafish. It is obvious that, since peD is an 
integral part of development, an aberration in this process would lead to mild to severe 
defects depending on the pathways and participants of those pathways affected. 
Defective apoptotic machinery at embryonic stage would be of greater consequence for 
the survival of the animal than faulty machinery at later stages and would be reflected in 
tissue/ organ abnormalities. 
We chose the zebrafish model for our cell death studies for several reasons: The 
ex-utero fertilization coupled with the natural transparency made the embryos visually 
accessible for up to the first three days of development prior to hatching, when all major 
organs and organ systems are established. This transparency can also be extended for up 
to 5 days using phenylthiourea (PTU). Furthermore, the fact that the zebrafish is a 
vertebrate promised closer parity with humans than other established invertebrate 
9 
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models, Its fecundity and natural hardiness also added to its appeal, all of which have 
resulted in the zebrafish becoming a benchmark organism for developmental studies, 
Expression of the apoptotic death program during development has also been 
documented in zebrafish embryos, Using inhibitors of caspase 1,4, and 5, Ikegami et aI., 
(1997) prevented cell death in embryos treated with the spindle destabilizing agent 
Nocodazole, leading these authors to suggest that an apoptosis program homologous to 
the ced3, ced4) and ced9 pathway of Celegans was active in zebrafish, They further 
demonstrated that embryonic cells are able to undergo apoptosis after crossing the mid-
blastula transition (Ikegami, Hunter, and Yager, 1999), which occurs at about 3,3 hpf in 
zebrafish embryos (Kane and Kimmel, 1993), Cole and Ross (2001) using the TUNEL 
technique, demonstrated apoptosis in several regions of the developing embryo including 
the nose, eye, ear, brain, tail bud, notochord, and venL Negron and Lockshin (2004) 
clearly demonstrated that the apoptosis program in zebrafish has many of the 
biochemical and morphological hallmarks of its mammalian counterpart. Yabu et al. 
(2001) cloned and characterized a zebrafish caspase 3, with amino acid sequence 60% 
homologous to mammalian, Xenopus and chicken caspase 3, and having similar substrate 
specificity, 
A significant deficit in the literature is that no researcher has described autophagic 
cell death in zebrafish, 
Since this investigator aims to interpret PCD against the backdrop of 
morphogenesis, a review of zebrafish and general vertebrate development and known 
peD in different models will prove instructive, A good understanding of the normal 
developmental process of different tissues and organs which we planned to assess 
PCD during development will help immensely in evaluating the when, why, and where 
10 
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questions regarding its in embryogenesis. It will also help to compare and identify 
any abnormalities could result from inl:libition of cell death. 
11 
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CHAPTERH 
Literature Review: 
The General development of tissues and organs and programmed cell 
death during vertebrate embryogenesis. 
The zebrafish model was established through the pioneering work of the late Dr 
George Streisinger. 
A. Zebrafish early developmental stages: 
The early development of zebrafish has been divided into several easily recognizable 
stages by Kimmel et ai., so as to standardize staging of embryos (1995). 
Broadly the stages to which we will refer are, 
Zygote stage 0-3/4 hpf* 
Blastula hpf 
Gastrula 5 1/4-10 hpf 
Segmentation 10 1/3 -24 hpf 
Pharyngula period 24-48 hpf 
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Hatching period 48-72 hpf 
*hpf = hours past fertilization at ~28.5° C 
While the time of hatching is extremely variable, the larval development during 
this period is overall uniform. The development of various tissues and organs of interest 
have been discussed below. 
B. Eye development and peD: 
Vertebrate eye development begins as an outpocketing of the neural tube to form 
the optic vesicle, during which time the overlying ectoderm thickens to form the optic 
placode. The placode subsequently invaginates and "pinches off' to form the lens disc, a 
layer of cells that will form the functional lens. After separation from the overlying 
ectoderm, the primary lens fibers in the lens vesicle elongate and form secondary lens 
fibers that grow in concentric circles around the primary fibers, giving rise to the 
characteristic onion skin-like arrangement of the lens layers. As the lens cells differentiate, 
they begin to lose their nuclei and all other organelles (Piatigorsky, 1981; Bassnett and 
Beebe, 1992; Bassnett 1995) starting with the cells at the equator of the lens and radiating 
outwards to the periphery. This removal of cell organelles is akin to peD (Chaudun et tIl., 
1994;Torriglia et aI., 1995) in the sense that it is regulated temporospatially. It is different 
from PCD in that the cells themselves are not eliminated, the cell membrane does not 
bleb and there is an accumulation of crystallins that contributes to the optical properties 
13 
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of the lens. As the cells themselves are not eliminated, this process is referred to as partial 
PCD. 
The role of PCD in eye morphogenesis was described by Sil'ver and Hughes in 
1973. Presence of the death program in the chick eye during lens detachment was 
reported first by Garcia-Potrero, Collado, and Ojeda (1979), and Ozeki et 01. (2001) 
demonstrated that suppression of cell death during the detachment ("pinching off") of 
the lens from ectoderm in mouse led to congenital eye defects due to improper 
separation. The elimination of the degenerating cells by free epithelial phagocytic cells 
from the lens stalk, as well as the participation of lysosomes and autophagy in some 
stages of this process, was demonstrated by Garcia-Porrero, Colvee, and Ojeda (1984) in 
the chick lens using cytochemistry and electron microscopy (EM). Lang et of. (1994) 
showed that the regression of the papillary membrane, a temporary meshwork of 
capillaries in the anterior chamber of the eye, was dependent on ocular macrophages. The 
activation of caspases in the lens during early development prior to realization of vision 
has also been reported (Ishizaki, Jacobson, and Raff, 1998). Thus peD and partial peD 
seem to play important roles during early eye development. 
The zebrafish eye begins as an optic placode at about the 8-9 somite stage 
(Kimmel et af., 1995), which then fissures, marking the beginning of the optic cup. The 
development of zebrafish vision (first described by Easter, Jr. and Nicola, 1996), is 
different from other vertebrates in that (i) the lens vesicle seems to form by delamination 
from the ectoderm and is never a hollow structure (only a thin line of a lumen exists) and 
(ii) the primary lens fibers are not as linearly organized as in other vertebrates. The 
separation of the rudimentary lens from the ectoderm occurs somewhere between 24-30 
- , 
hours post fertilization, and vision itself is realized at about 72 hpf. 
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Only a handful of papers exist addressing aspects of PCD in zebrafish 
development. While we were mapping PCD in the eye using acridine orange, Cole and 
Ross (2001) published a temporospatial map of apoptosis in zebrafish using the TUNEL 
technique with 3 embryos/stage. This article is the only comprehensive study of cell 
death reported on developing zebrafish embryos. In their attempt to map cell death in the 
entire embryo, Cole and Ross encountered several limitations. First, the calibrated 
TUNEL technique is fairly reliable in detecting only type I PCD. Type II PCD could be 
missed altogether as cells undergoing Type II PCD rarely present the nicked 3'OH end of 
DNA that is labeled by the TUNEL method. Second, the TUNEL technique does not 
identify the effectors of cell death. Third, there is quite a bit of variability of peD data 
among the individual embryos. The graphs presented in that Cole and Ross paper show 
apoptosis data (counts ofTUNEL positive cells in any given tissue) for two stages 
separated by about 3-10 rus could telescope into each other if the upper and lower error 
bar limits for the two stages are compared (Fig. 2, and Tables 1,2 and 3 in Cole and Ross 
2001). There are several possible explanations for the large error bars seen/stage/tissue 
(i) the embryos show a significant degree of variability in apoptosis data due to 
asynchrony in developmental rates, eli) both stages have the same degree of dead cells, 
(iii) there were miscounts, or (iv) not enough samples were considered to establish a clear 
pattern, (iv) the TUNEL results were partly artifactual as the TUNEL protocol has at 
many times been proved to produce overestimates/ false labeling depending on the tissue 
type and processing method used (Grasl-K.raupp et al., 1995;Jerome, Vallan, and Jaggi, 
2000;Labat-Moleur et al., 1998). 
Cole and Ross reported high rates of PCD during peak cell death in the lens/ 
ectoderm at 24 hpf (about 30-80 tunnel positive cells using 3 embryos) suggesting a role 
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in the elimination of the lens stalk. We decided to shorten intervals of sampling in eye 
and double the number of embryos to better quantify peD. 
e. Hatching glands development and PCD: 
The hatching glands are transient embryonic structures found in amphibians and 
fishes. They were fust investigated in depth by Ishida in medaka (1944). The cells have 
many vesicles that contain chorionase, an enzyme that dissolves the chorion and hence 
facilitates the hatching of the embryo (Inohaya et ai., 1995). 
On the 4th or 5th day after fertilization of the medaka egg, the chorionase rich 
granules burst releasing the contents. The hatching gland cells take up acridine orange 
and it has not been clarified as to whether this staining is due to the cells dying or not. 
Hatching gland cells in the zebrafish fust appear by about 22 hpf (Kimmel et ai., 
1995) on the pericardium and are visible in Diffential Interference Contrast (DIC) 
micrographs. They are very prominent by 30 hpf and the granules are lost on hatching. 
No cell death studies have been published concerning the zebrafish hatching glands. 
D. Olfactory placode development and PCD: 
The olfactory system in vertebrates, like the eye, develops from an ectodermal 
thickening, the olfactory placode. The sheet of cells undergoes proliferation and 
differentiates into four types of neurons in vertebrates, namely, the olfactory receptor 
neurons (from epithelium), sensory neurons, nervus terminalis, and migratory GnRH 
neurons. The olfactory receptor neurons (ORN) grow toward target neurons within the 
olfactory lobe, with which they must connect during development or there will be an 
underdevelopment of the olfactory lobe; these neurons show target dependent survival as 
16 
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demonstrated by bulbectomized mice that lose mature ORN's on the ipsilateral side of 
surgery (Constanzo and Graziadei, 1983). The placode and derivative cells are unique for 
two reasons. (i) The placode is the only place where neurons of the central nervous 
system originate outside the brain and grow toward it, and not vice versa; and the cells 
continue to produce sensory neurons throughout life (Graziadei, Levine and Monti 
Graziadei, 1979). 
PCD has been demonstrated during development in the mouse olfactory sensory 
neurons (V oyron et al. 1999), vomeronasal neurons (Capello et al. 1999), rat ORN (Pellier 
and Astic 1994), and in zebrafish olfactory placode (Cole and Ross, 2001). 
In the zebrafish, the olfactory system appears as a thickening of the ectoderm at 
17 -18 hpf and develops from a field of migrating lateral neural plate cells (Kimmel et aI, 
1995). The epidermal placode thickens and finally pits and ruptures to allow 
communication with the exterior at about 32 hpf (Whitlock and Westerfield, 2000). The 
first neurons to form connections in the brain of zebrafish were named pioneer neurons 
as they connected with the olfactory bulb before olfactory neuronal growth or wiring. 
That these pioneer neurons (which synapse with the brain at about 22 hpf) are required 
for ORN guidance was elegantly demonstrated in a series of pioneer neuron ablation 
experiments by Whitlock and Westerfield (1998). Subsequent to ablation of the pioneer 
neurons by these authors, the ORN's that were generated in zebrafish embryos ended up 
being misrouted and did not reach the brain. This led Whitlock and Westerfield to 
suggest that guidance cues were being provided by the pioneer neurons, in whose absence 
the receptor neurons that should have followed failed to grow directionally toward the 
brain. Using TUNEL staining, they also showed that the pioneer neurons were 
eliminated by apoptosis peaking at 48 hours and subsequently no pioneer neurons could 
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be found, which indicated a transient and exclusive role for pioneer neurons in the 
guidance of ORN's. Cole and Ross reported massive cell death in the placode region 
from 22-72 hpf, peaking at 36 hpf, which they correlated with the elimination of pioneer 
neurons (2001). 
E. Ear development and peD: 
The vertebrate ear develops from an ectodermal thickening, the otic placode, 
which proliferates and invaginates to form the otocyst. The otocyst cells divide, 
differentiate, grow, and arrange spatially to form the semicircular canals, vestibule, and a 
coiled cochlea (consequent to radially different growth rates), thus completing the organs 
of balance and hearing within the embryonic period. The semicircular canals form from 
an epithelial pouch of cells that curves, extends bi-directionally, and meets to form a 
junction. These "fusion plate" cells eventually disappear, opening the canal. Such fusion 
plates occur and disappear during the morphogenesis of the embryo wherever tissue 
sheets are rearranged into organs such as in the eye (already described above as "pinching 
off" of the lens vesicle from the ectoderm), the palate, the neural tube and the heart 
septa formation. While in most vertebrates the formation of the pars superior (dorsal 
components) of the ear is fairly similar, the formation of the pars inferior (ventral 
components) differs depending on the specialized structures necessary for each animal's 
environment. 
The role of peD in forming semicircular canals of the ear has been clearly 
demonstrated in chicken by (Fekete et al, 1997;Lang, Bever and Fekete, 2000) but not in 
other species. These authors were able to prevent fusion and opening of the canals by 
over-expressing the caspase 3 antagonist Bel2 in chick embryos. Another "hot spot" of 
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cell death in vertebrates at the junction of the pars superior and pars inferior was 
investigated by Bever and Fekete in 1999 using Xenopus and zebrafish models. In both 
these models, such a focus of cell death was consistently absent as detected by TUNEL 
technique, which also took into account apoptotic nuclear morphology. 
The otic placode of the zebrafish appears as an ectodermal thickening at about 1 G 
hpf and cavitates to form a lumen by about 19.5 hpf (Kimmel et aI., 1995). This cavitation 
of a solid ball of otic cells is an important peculiarity to zebrafish when compared to ear 
development in other vertebrates where there is an invagination and pinching off of 
placodal cells. On hollowing, two otoliths appear and grow in the lumen. After about 42 
hpf, the semicircular canals form and continue growth up to 72 hpf. Neurons delaminate 
from the otic epithelium from 22 -30 hpf (Kimmel et aI., 1995). Sens01'Y hair cells form 
beneath each otocyst starting at about 24 hpf, and increase numbers rapidly to about 10-
20 by 42 hpf (Haddon and Lewis, 1996). The pars superior develops into the canals and 
utricle, whereas the saccule lagena, vestibule and other components develop from pars 
inferior (Haddon and Lewis, 1996). 
In two sharply conflicting reports, researchers address cell death in the zebrafish 
ear. In one detailed study, investigators corroborated morphological criteria and positive 
TUNEL stain to indicate cell death (ruling out false positives) and revealed a total of only 
28 dying cells in 24 otocysts (Bever and Fekete, 1999). The later paper published by Cole 
and Ross claims 50 cell deaths/ otocyst using 3 otocysts for the study. This huge 
difference could be the result of: (i) limitations in the sample size of the later publication, 
which leads to a peculiar phenotype being characterized; (ii) false positive TUNEL 
labeling in the Cole and Ross data; or (iii) inadvertent selection of data. For instance, the 
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TUNEL labeling ruled out as false positive Fekete and Bever using morphological 
criteria may have been dying cells at the initial stages of apoptosis. 
F. Neuromasts development and FeD: 
The neuromasts are sensory organs that develop on the skin of amphibians and 
fish. They are arranged into anterior and posterior lateral line systems, the former 
arranged between the eye and the ear while the latter stretch out as discrete groups of 
cells deposited in the wake of the migrating lateral line primordium at the level of ddlned 
somites (Kimmel et aI., 1995). Each neuromast opens to the environment and has 
sensory innervations ending in hair cells, which read mechano-sensory information. 
Support cells surround the sensory cells and are arranged in a characteristic roseate 
pattern in the neuromasts organ. 
The neuromasts are constantly recycled after differentiation (Williams and 
Holder, 2000). These authors also documented neuromast cell death in 10 dpf zebra fish 
embryos. 
N euromasts in zebrafish are a group of cells which are deposited in the wake of 
the lateral line primordium as it migrates along the horizontal myoseptum (Kimmel et aI., 
1995). The lateral line primordium itself originates from cephalic placodes, immediately 
posterior to the otic placode. An anterior line neuromast and 7 posterior line neuromasts 
are found by 48 hpf in the embryo (Metcalfe, 1985). The neuromasts become active by 5 
dpf (Nicolson et aI., 1998). 
Cell death in zebrafish neuromasts has been reported using TUI\'EL technique by 
Cole & Ross from 30-48 hpf in anterior lateral line and 30-72 hpf in the posterior lateral 
line (Cole and Ross, 2001). 
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Go Notochord development and FeD: 
l\ defIning feature of the vertebrate embl)'O is the appearance of the notochord. 
The notochord forms by a series of convergence and extension movements of 
mesodermal cells that are linked by a mediolateral extension behavior (MIB) and 
boundary capture (Glickman et al., 2003). In initial studies on Xenopus, researchers had 
suggested this theory (Shih and Keller, 1992) and recent investigations using time-lapse 
videography on ceramide labeled zebrafIsh notochord cells that followed in real time the 
actual intercalation of mesodermal cells, and their elongation validates this hypothesis 
(Glickman et al., 2003). The notochord fIeld is specified in the wake of the primitive 
streak with the anterior and posterior sections of the notochord developing slightly 
differently in chick and mammals. While the anterior part develops from the mesodermal 
cells passing through the Hensen's node, the posterior part mesodermal cells pass 
through the primitive streak and begin as a part of the tailbud (Kimmel et a!', 1995). 
Voight (1842) was the first to document cell death during development in the 
notochord of metamorphosing toads, and Ghicksmann reported cell death in several 
species, including fish, chicken, pigs, rabbits, and humans (reviewed by Clarke and Clarke, 
1996). Since PCD had not been clearly defmed at that point, its significance was not 
understood. Also, in higher vertebrates, it is well known that the notochord gives place to 
the vertebral column by "degeneration", which is thought to be by peD though some 
portions of the notochord persist in the adult as nucleus pulposus in the intervertebral 
disc (Reviewed by Hunter, Matyas and Duncan, 2003). A reading of older death literature 
shows many instances of stereotyped cell degeneration and disappearance during 
development that, on re-examination, are now understood as PCD. 
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In the zebrafish also, the notochord and somites are specified from overlapping 
mesodermal fields. The extension of the notochord occurs about three times faster than 
somites in the zebrafish even though the convergence of the cells to the axis occurs at 
about the same rate (Glickman et ai., 2003). All through development, boundaries 
between the developing somites and notochord are maintained. The cells become 
vacuolated starting at about 18 hpf (18 somite stage) and the notochord takes on a 
characteristic "stack of pennies" appearance by 19.5h (Kimmel et a!', 1995). Cole and 
Ross showed approximately 30 apoptotic cells in the notochord in the developmental 
period between 14 -24 hpf (Cole and Ross, 2001). 
H. Somite development and peD: 
A key feature of the vertebrate embryo plan is the formation of somites by the 
arrangement of paraxial mesodermal cells into small bundles. Somitogenesis in most 
vertebrates occurs in specific developmental sequences and hence is useful as landmarks 
for staging. Somitic cells give rise to the myotome (all skeletal muscles), the sclerotome 
(axial skeleton components), and dermatome (dorsal skin, Kimmel et a!., 1995). 
Segmental PCD in chick embryos during somitogenesis was documented by 
Sanders (1997), and Cotrino et ai., (2000). Earlier, cell death had been reported in the 
myotome and sclerotome across many species, and it was suggested that the borders of 
the somites were formed by PCD (Sanders and Wride, 1995). 
The segmentation of the zebrafish embryo takes place at about 10 hpf. The 
somites "pinch off" an anterior to posterior direction at the rate of approximately 
3/hour for the first 6 hours and 2/hour every hour thereafter (Kimmel et ai.) 1995). They 
acquire their distinctive anterior pointing chevron shape and will later give rise to the 
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corresponding myotomes. Only myotome and sclerotome derivatives have been 
identified in zebrafish somites; dermatome cells have not yet been found (I<immel et til., 
1995). Cole and Ross reported massive cell death in zebrafish somites, not always at the 
margins, starting from about 12 hpf and continuing through 72 hpf (2001). 
I. Tailbud development and peD: 
The posterior somites as well as the posterior notochord form from a region 
called the tailbud resulting from a migration of mesodermal cells through the primitive 
streak during gastrulation. Massive cell death has been reported in several species during 
tailbud morphogenesis/regression as in chicks (Miller and Briglin 1996) and elimination 
of the tail in humans (Fallon and Simandl, 1978; Sapunar et aL, 2001). 
The tailbud stage of the zebrafish is the same period as the segmentation period. 
The tailbud is visible at the i-somite stage; it gradually elongates and straightens out from 
its initial curled position pointing anteriorally toward the head, and extends posteriorly. 
The mesenchyme at this point is tightly packed. Cole and Ross reported peak cell death 
from 18-30 hpf with a peak at 20 hpf (Cole and Ross, 2001). 
J. Skeletal development and peD: 
A constant feature of vertebrate skeletal development is the laying of a temporary 
supportive foundation comprising cartilage, which is then replaced by bone fonning 
osteoblasts. In endochondrial ossification, first the hyaline cartilage in the diaphysis starts 
to degenerate as the area becomes invaded with ostoblasts and ossifies (primary site of 
ossification) and eventually the epiphysis gets ossified (secondary site of ossification) in a 
similar process (Gibson, 1995;Gibson, Kohler and Schaffler, 1998). As the osteoblasts 
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mature, they become osteocytes. The medulla of the bone is [orrnce by the reabsorption 
of bone by specialized cells called osteoclasts. During maturation, chondrocytes are 
removed by programmed cell death and subsequently the osteoblasts secrete more 
calcium into the ECM leading to the formation of hard bone (Gibson, 1995; Gibson, 
Kohler and Schaffler, 1998). PCD in bone has been confirmed by TUNEL (,rlronckers ei 
of., 1996). Fas/Fas ligand expression was demonstrated in chondrocytes by Hashimoto et 
of. 1997. Thus, apoptosis plays an important role in shaping the early skeletal system in 
vertebrates. 
K. Craniofacial development and FCD: 
Another common feature of vertebrate embryonic development is the appearance 
of arches in the ventrolateral region of the head. These arches numbered 1-7 are 
important for developing corresponding structures in the head and neck region, including 
the pharyngeal skeleton, associated muscles, nerves, and vasculature (Trainor et a!', 20(2). 
The skeletal components including the cartilage are formed by migratory neural crest 
cells, which follow a stereotyped, segmented route of migration from the hindbrain. 
Branchial arch I is especially significant as it will form most of the craniofacial skeletal 
components maxilla, mandible, incus, and stapes and rhombomeres I and n contribute 
neural crest cells (Trainor et of., 2002). Prominent in mandible development is Meckel's 
cartilage, which will eventually be invaded by capillaries and osteoblasts, become 
hypertrophic, and degenerate to be replaced by the developing bone (Harada and 
Ishizeki, 1998). PCD has been demonstrated in Meckel's cartilages using TUNEL 
technique, immunohistochemistry, and electron microscopy in rats, mice, and humans. 
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The PCD appears to be under control of Fas/Fas ligand signaling as demonstrated in 
humans (Hatakeyama et al., 2000). 
The zebrafish has all seven branchial arches and associated structures (Schilling 
and }(immel, 1997). Schilling and I<:im.mei showed that chondrification (referenced in all 
studies only by alcian blue staining) happens in spurts. The parachordal rudiments of the 
maxillary cartilages fuse at about 53 hours to form the ethmoid plate of the maxilla. The 
two lateral components of Meckel's cartilages fuse by about 74 h and, together with the 
ceratohyal, support the mandible. All the cartilages seem to follow a definite sequence of 
development and chondrification. The ossification of the cartilages begins approximately 
at 5 dpf (I<:immel et aI., 1995). 
No cell death studies have been reported for the zebra fish skeleton. 
L. Cloaca (vent) development and PCD: 
The excretory system and the digestive system differentiate a perforation in the 
body wall to complete development and to become functional. The digestive system is an 
endodermal derivative whereas the excretory system develops from the mesenchyme and 
is hence mesodermal in origin. In several vertebrates, the exit point for both systems is a 
common opening, the cloaca or vent. 
In the development of the gut or excretory system, the endoderm or mesoderm 
must fuse with the ectoderm to create a patent exterior opening. Extensive PCD has been 
demonstrated in the fenestration and opening of the cloaca in chicks (Miller and Briglin, 
1996; Qi et aL, 2000). 
zebrafish, though development of the excretory and digestive system have 
been described, specific points and times of opening are not very clear (\'V'allace and Pack, 
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20(3). Massive cell death has been reported in the zebrafish vent from 30-42 hpf by Cole 
and Ross, who presume u.~at it coincides with the opening of the cloaca/vent (Cole and 
Ross 2001). The gut of the embryo (larvae) is known to be open by 96 hpf (\'7allace and 
Pack, 2003). 
Other structures: 
Besides these structures, PCD has been known to occur in other species and 
zebrafish in structures like heart, Rohon Beard cells, brain and spinal chord (Cole and 
Ross, 20(1). 
M. Summary and hypothesis: 
Programmed cell death plays an essential role during embryonic development. ,\11 
organisms studied display cell death during morphogenesis as well as in tissue 
homeostasis. The two widespread and well-characterized cell death pathways found in 
diverse species are apoptosis (PCD-I), executed by caspases and autophagy (pCD II), 
effected by lysosomes. The apoptotic pathway has received considerably more attention 
than the autophagic pathway as a sculpting force in embryonic development, but 
observations do not validate such a skewed interest. Several hallmarks characterize each 
of these pathways, allowing inquiry into the type of pathway active in any tissue or organ. 
While programmed cell death has been documented during zebrafish 
organogenesis by using postmortem markers, the nature of the programs that resulted in 
cell death and the roles of the two types of death, including morphogenetic ones, have 
not been explored in depth. 
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w'e hypothesized that apoptotic as well as autophagic pathways could play 
important roles in the development of organs and organ systems in zebrafish embryos. 
Our aim was to ascertain whether apoptosis was a default program of cell death across 
various tissues and organs or whether autophagy and apoptosis were parallel or 
complementary pathways. We also explored the morphogenetic roles played by these two 
pathways in sculpting the early embryo. 
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CHAPTERIH 
Methods and materials: 
A. Zebrafish maintenance: 
Zebrafish are maintained in an environment controlled chamber at 28.5°C, 14 
hour light/l0 hrs dark cycle (14L: 10D) as schools of 30 fish in a ratio of29: 1 13mm 
marbles are added to the tanks to prevent scavenging of eggs (General protocols adapted 
from Westerfield, 2000). Eggs are harvested using a gravity driven siphon at about 30min-
1 hour post fertilization or at the germ ring (gastrula ~ 5 2/3 hpf) stage to ensure 
uniform staging. The embryos are separated into sets of 12 embryos/ Petri dish in 
Embryo Rearing Medium or ERM (Westerfield, 2000) and left in an incubator at 2S.5°C. 
Dishes are removed at desired times for experiments. A minimum of 6 embryos was used 
for each staining. Sets of 50 embryos were used for each study of inhibition of 
programmed cell death. Eggs were staged hours post fertilization in conjunction with 
other easily recognizable landmarks such as heart formation, angle of head etc. as 
described by Kimmel et czl. in 1995. 
B. Equipment: 
Images of the embryos were captured on a PL'Cera 120es Digital "tviicroscope 
Camera using a Nikon OPTIPHOT-2 fluorescence microscope. 
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C. Sottware: 
linage editing is done using Adobe Photoshop®. 7.0. Composite images are 
shot in sequence and aligned using fiduciary points. Measurements are carried out using 
images of a stage micrometer captured under magnifications 40, 100 and 200x. For direct 
linear measurements, an image of a stage micrometer was superimposed on specimen 
images of like magnification with a transparency of 25%. Alternatively, measurements 
were made by using the freeware "morphometries" available from the State University of 
New York at Stonybrook (http://life.bio.sunysb.edu/morph/). 
D. General staining and embryo preparation for microscopy protocol: 
Staged embryos were placed in 100~L rubber wells with the desired florescent dye 
or substrate for the appropriate amount of time in a dark box at 30°C unless mentioned 
otherwise. After incubation, each embryo was transferred to an individual well in a 8 well 
hydrophobic slide, dechorionated using No. 55 watchmaker forceps, and washed twice 
using fresh 0.04% tricaine in ERN! (Westerfield, 2000) always maintaining minimum 
lighting conditions. The excess tricaine solution in the wells was removed, but without 
drying the embryos, using a 1 OO~L micropipette. One or two (in which case, stacked) 18 
mm square coverslips were placed on either end of the hydrophobic slide as supports and 
finally a 22x60mm coverslip was rested on the two supports allowing 6 free wells for 
embryo processing. This arrangement allows the embryos to be studied with minimum 
damage to tissues. The support coverslips are wet on either side (previous established 
protocols had recommended for sealing slides with nail hardener, unnecessarily 
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lengthening processing time) to ensure their adhesion to the hydrophobic slide and long 
coverslip. Embryos up to 3 days are photographed this way with their left side up and 
older embryos are photographed without coverslips as their size/and development 
prevents precise positioning on any side using this method. Optical sections were made 
by focusing through different planes of tissue. Older embryos were anaesthetized and 
mounted in molten agar at 37-40°C and, using a fine tungsten wire, manipulated to the 
desired orientation before the agar solidified. For all vital stain/ substrate studies (even in 
agar), embryos 24 hpf were alive with beating hearts at the time of recording data. 
E. Total cell death assay using Acridine Orange (AO): 
Acridine orange has been extensively used in other models as well as the zebrafish 
to identify cell death (Abrams et a/., 1993; Li and Dowling, 1997; Barallo-Gimeno et aL, 
2004). Embryos are incubated in acridine orange (from Calbiochem) at a concentration of 
1 OlJ,g/ ml for 20-30 minutes and washed with tricaine in ERM following the general 
protocol. The dye when bound to DNA has an excitation wavelength =502 nm and 
emission wavelength Aem =525 nm. When AO is bound to mRNA or inside lysosomes, 
the emission shifts to the red wavelength. The embryos are dechorionated, washed twice 
with tricaine ERJ\1 and observed using the green filter of the fluorescence microscope 
(B2A: BA 520,DM 510). 
Po Dual staining using 4', 6 Diamidino-2-phenylindole (DAPI)/ AO mix: 
Equal volumes of DAPT (From Molecular Probes) and AO (from Calbiochem) 
are mi'Ced 1:1 V /v at concentrations of 5flg/ml: lOflg/m1 each and staining is carried out 
using a similar procedure as above for about 30-45 minutes. Alternatively, an 
30 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
incubation with /lgl ml ;\0 for about 20-30 minutes followed by about 20-30 minutes 
incubation in 5/lg1 ml DAPI worked as well. DAPI binds to the minor groove of DN,-\ 
and has an excitation wavelength = 350 and emission wavelength = of 47(} The 
mounting is as described above and pictures are recorded using the blue (UV2li: BA, 420, 
DM, 400 for DAPI) and green (B2A: BA 520,DM 51OEor AO) filters using the same 
focus. 
G. Lysosomal assay using LysoTracker® Red (LTR): 
The acidotropic dye LysoTracker® red (LTR) DND 99 was purchased from 
Molecular Probes. It is a dye that by defmition preferentially labels spherical acidotropic 
compartments as in autophagic vacuoles. The excitation and emission wavelengths are 
=577nm and \m =590 nm, respectively. The protocol was modified after Zucker (Zucker, 
Hunter, and Rogers, 1998;Zucker et aI., 2000) and concentrations and washes varied until 
we obtained the best signal to background ratio. As Zucker et al. had indicated in their 
work, the fluorescence of LTR varies with batches, and we obtained the best results when 
we dissolved the stain in fresh DMSO from ampoules or a new bottle. 
Embryos were incubated in LTR at different concentrations starting with a 
concentration of 5 /lM, as suggested by Zucker et al. (1999). In our studies, we found that 
doubling the concentration allowed the cells to be evaluated in half the time (15min). The 
incubation and mounting was followed as with acridine orange labeling. The embryos are 
observed under the Red filter (G-2A: BA 590, DM, 580). 
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H. Caspase 3 assay using Ph.iPhiLux® (PPL): 
The caspase3 substrate PhiPhiLux® G1D2 kit was obtained form Oncoimmunin. 
This substrate has an excitation wavelength flee, = 505 nm and emission wavelength 
530 nm, and, it carries the DEVD caspase 3 consensus sequence linked to two caged 
fluors that emit a signal when cleaved. The product has been successfully used in other 
models to detect caspase 3 activity (Xia et aJ., 1999; Takahashi, 2001; Ejercito and Wolfe, 
2003; Lecompte et aJ., 2004; Wang et aL, 2004). The substrate is used at 10 j,.tM 
concentration. Embryos are collected from 1 hr of incubation, dechorionated, and several 
(2-4) washes are done using ERN! tricaine to anesthetize and remove background 
fluorescence; the embryos are observed under the green filter (B2i\: BA 520, DM 510). 
The incubation is carried out at 30°C with moderate light, and evaluation is made every 
15-20 min. for 1-3 h for signal from the cleaved product. 
I. Inhibition of lysosomes using 3 Methyladenine (3MA): 
If autophagic activity was an important instrument of programmed cell death and 
consequently morphogenesis, we reasoned that inhibition at an early stage would result in 
visible morphological abnormalities in the organs and tissues of the embryo. 
This autophagy specific inhibitor 3 methyladenine (3MA) was purchased from 
Fluka®. A concentration of 10 mM had been described by several authors, including 
Punnonen, E. L., V. S. Marjomaki, and H. Reunanen (1994) in tissue culture. It has been 
successfully used in other models to specifically inhibit autophagy (Seglen and Gordon, 
1982;Rabouille et aL, 1993; Beron et aL, 2002). Gastrulating Germ ring stage embryos were 
incubated in 3 IvIA at concentrations of7mM, 9.5mM, 14mM, and 20mI\L Control 
32 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
embryos were raised equivalent cone. soIn. Embryos were followed for one week 
or until death. The pH of the solution was monitored and maintained at ~ 7 before and 
after incubation. Embryos surviving past 4 dpf were fed Tetramin®baby food. 
J. Inhibition of c::!spase 3 using Z-DEVD-FMK: 
Experiments to inhibit caspase 3 mediated cell death were carried out to identify a 
morphogenetic role for caspase 3 during development. In several developmental models, 
caspase 3 expressions had coincided with morphogenetic changes brought about by 
elimination of cells. If caspase 3 was an important sculptor of the early embryo, we 
expected to document gross morphological changes in organs and tissues upon 
inhibition. 
Gastrulating ring stage embryos were incubated in the cell permeable caspase 3 
inhibitor Z-DEVD-FMK (available as Caspase 3 Inhibitor II from Calbiochem), \vhich 
irreversibly binds the active site of the enzyme. The inhibitor has been widely used to 
inhibit caspase 3 (Hou et aLl 2004;Lecompte et aLl 2004;Nakano et aLl 2004). The embryos 
were incubated at two concentration of inhibitor, 50 11m (lower cone.) and 100 11m 
(higher cone.), in ERl.Vf from the germ ring stage and developmental changes were 
followed for 1 week or until death. Embryos in equivalent amounts of the vehicle 
(DMSO) were reared as controls. 
K Cartilage staining using Aldan blue: 
Four to five dpf embryos were fixed in 10°;() formol saline overnight. The fixed 
embryos were washed in 80% ethanol and rehydrated in a graded series of alcohols and 
then transferred to 0.4% alcian blue solution in acetic alcohol for 4 h, washed again in a 
33 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
graded series of alcohols, bleached using H 202 for 1 h, and clarified in 
Trypsin_EDTA for 2 days. The bleaching and clarification steps were performed under 
observation to prevent over-bleaching or disintegration of the tissue. The embryos were 
mounted in agar as described above and photographed using incandescent light. 
L. Orienting convention: 
For convenience, we will follow a simple convention for orienting figures. We 
indicate the anterior/posterior as well as dorsal/ventral sides of the embryos using cross 
arrows. ii=anterior, D=Dorsal, R=Right side, and L= left side. The cross arrows will also 
automatically indicate whether the represented section is ventral, dorsal, or lateral. 
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CHAPTER IV 
Results: 
Studies were initially done on the eye so as to evaluate the best methodology for 
studying peD. This was achieved by mapping a temporospatial sequence of cell death 
using AO and DAPI and correlating it with known morphogenetic peD/partial FeD 
events active in the eye at those periods. This information was also used to calibrate cell 
death probes. 
AO staining of the hatching gland was also noted as it consistently labeled the 
glands starting from about 20-24 hpf. Since this staining is non-specific as the hatching 
glands are functional up to hatching, we used it to evaluate artifactual staining. 
AO staining was not done in other tissues except to confirm or rule out cell 
death when in doubt, and the data are not shown. 
The results of calibration studies are given first (Section I) followed by evaluations 
of the activity of lysosomes (section II) and caspase 3 (Section III) performed in different 
organs and tissues starting with the eye. We chose to describe autophagic death before 
apoptotic activity due to predominance of the activity in almost all organs tissues that \ve 
evaluated using probes. The last section (section 1'\1) of results deals with studies 
involving inhibition of autophagy and apoptosis. 
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A. SECTION I: 
Calibration studies: 
Eye: 
We first mapped peD / partial peD in the zebrafish eye using the vital stain 
acridine orange as it provided excellent results quickly and since there was more than one 
peak ofpeD/partial peD activity in the eye, a general map was made. All of the images 
shown indicate the left eye of the fish at 200X magnification. We took images using 
fluorescence and DIe optics to make comparisons of identical regions using both UV 
and incandescent light. 
Nuclear localization of AO: 
To confIrm nuclear localization of AO in a positive control, corneal cells were 
scraped from the eye of a 36 hpf embryo and left in ERM for one and half hours to die. 
The cells were subsequently stained with 10 Jlg/ml AO for 10 minutes. Most cells that 
were labeled showed condensed chromatin; two cells were unlabelled, and one cell 
showed fragmented nuclei (Fig 2.a). 36 hpf embryo cornea stained with DAPI at 1000x 
magnifIcation displayed many cells with fragmented nuclei (Fig.2b). 
Total cell death in the eye mapped using AO: 
We followed the fate of cells using AO starting from the initial formation of the 
optic primordium (9 hpt) to the realization of vision (72 hpt) using 6 embryos/ stage. The 
first few hours of development showed sporadic cell labeling in a random pattern. At 
these times, there may be more mitoses and movement of layers than apoptosis. Starting 
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from approximately 20 hpf, a pattern of death was apparent. The cell death 
sporadically covered areas in the presumptive cornea and lens (Fig. 3). We could not 
discriminate between these two tissues. Subsequent to this, the pattern was confined to 
the area inside the perimeter of the lens (superficial surface of the lens/ cornea as 
determined by optical steps). The activity dropped by about 27 hpf and again peaked by 
about 29 hpf (Fig. 4). There was a lull from about 31-34 hpf following which there was a 
third peak at about 36 hpf (Fig. 5). Cell death in the lens dropped after 38 hpf, and by 40-
45 hpf, only 3 -4 labeled cells could be seen. Very few cell deaths were observed after 45 
hpf «3 at a lens) and no pattern was identified for these. 
The data were quantitated in Figure 6. The pattern itself needed qualification as 
the range in the number of cell deaths among embryos of the same stage was substantial 
with apparently stochastic variations. To quantify the pattern, we increased the sample 
size to ascertain whether the increased number would reduce the variance. We stained 
and documented 40 embryos about 24 hpf with acridine orange. For this period, we 
established an average of 15.23 cell deaths with a range of 35 and S.D. of 9.4, SEM 1.49. 
We ascribe the high values of S.D. found to idiosyncratic developmental rates of 
embryos, which is an important limitation in this approach to quantify cell death. The 
timing of onset of the program of cell death can vary by up to 3 hours. But the process 
itself is universal and sequential as evinced by lack of significant labeling by AO, DA.PI, 
PPL, or LTR by 60 hpf, when the lens has been cleared of all organelles. Analysis of the 
pattern was limited by variability among embryos and so we decided to study 
programmed cell death in the context of mediators of the pathway (i.e., caspase 3 or 
lysosomes), and morphogenesis. 
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DAPI! AO dual labeling: 
Dual labeling with AO and Di\PI allowed us to differentiate the layers of the eye 
after 25 hpf. By 26 hpf, the lens nuclei could be seen distinctly labeled and differentiated 
from the cornea. The labeling of the lens by DAP! persisted for up to 30-33 hpf (Fig. 7) 
beyond which the central region of the cells could not be labeled by DAP! (Fig. 8a) and 
this clearing progressed from the central region of the lens to the periphery. After 55 hpf 
hrs, most nuclei in the lens could not be labeled by DAPI (Fig. 8b). 
Hatching glands: 
Acridine orange studies: 
The hatching glands are an embryonic structure seen in several amphibians and 
fishes. They aid in the hatching of the embryo after development from within the 
chorion. The cells contain cytoplasmic granules filled with the enzyme chorionase, which 
helps to dissolve the chorion of embryos prior to hatching. 
As part of calibrating cell death probes, embryos were stained with AO at 10 )lM 
concentration for 20 minutes and photographed under UV light. 
The hatching glands were positively labeled by AO at a period starting about 18 
hpf. The fluorescent regions were much bigger and in dusters with repeating granular 
units symmetrically arranged, and they did not appear as the condensed or fragmented 
DNA labeling seen in dying cells (Fig. 9). The intensity of the staining was also less. The 
hatching glands continued to be labeled past 3 dpf. 
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So SECTIONH: 
Assessments of autophagic cell deaths in organs and tissues using the 
acidotropic dye LysoTracker Red® (LTR): 
Eye: 
The LysoTracker® red staining was standardized by trial and error with 
modifications to the basic procedure described by Zucker et aI., (2000). 
We examined lysosomes at peak cell death periods that had been identified by the 
acridine orange profile. In all the cases, the activity closely followed AO patterns (Fig. 1 0, 
l1a). At about 34 -38 hpf (Fig. lla), there was peak lysosomal activity that seemed to 
label most cells in the lens as demonstrated by optical steps. The last stages of activity 
were confined to the periphery of the lens. By about 45 hpf (lOb), very few (=<5) lens 
cells showed any labeling. 
Hatching glands: 
LTR red did not significantly label the hatching glands at any period (data not 
shown). 
Olfactory placode: 
Programmed cell death has been thought to playa morphogenetic role during the 
formation of the olfactory pits (Cole and Ross, 2001). Massive cell death has been 
reported during the formation and rupture of the pits. To see iflysosomes could mediate 
the process, embryos were stained with LTR and photographed under the red filter. 
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The lysosomal activity appeared first as a small group of vesicles with diameter~ 
less than a half micron each at about 33 hpf (Fig. 12), which subsequently overlapped 
with the opening of the nasal pit, with a radius of spread less than 5 J.lm from the pit. 
After a few hours, the activity widened into an acidic elliptical ring of vesicles with the 
radius of spread at the largest diameter of the ellipse being 20-25 !-tm and shortest radius 
being 10-15 J.lm from the presumed nasal opening, and brightly fluorescent by about 38 
hpf (Fig. 13). The number of vesicles as well as their sizes increased substantially, each 
fluorescent vesicle now measuring about 7-10 IJ,m in diameter and taking on a more 
spherical or oval shape (fIg. 13,14). These fluorescent spots were readily identifiable in 
corresponding DIC images as condensed forms. The LTR staining decreased at about 50 
hpf, and thereafter there was only a dull glow around the open pit (Fig. 15). No intensely 
bright fluorescent spots were found after this time. The brilliance of the fluorescence 
during peak activity was so intense that some images had to be captured using a neutral 
filter (Fig 13,14). 
Ear: 
Programmed cell death in zebrafish hair cells has been controversial, with two 
sharply conflicting reports having been published using the TUNEL technique. In a study 
taking into account morphological criteria as well as a positive TUNEL reaction using 24 
embryos, researchers identified 2 cell deaths/ear (Bever and Fekete, 1999). Researchers in 
a later study using 3 embryos interpreted 28-cell deaths/ ear (Cole and Ross, 2001). To 
rule in or rule out cell death, embryos were stained with L TR at different stages. The stain 
was taken up primarily by hair cells. 
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LTR staining the otic placode began at approximately 25-35 hpf (sometimes as 
early as 20 hpf) when 1-4 hair cells could be stained (Fig. 16 a, b), and this staining 
continued to later than 5 dpf. The staining in the ear was limited to hair cells and 
appeared very bright. It was possible to see and count individual cells, and subseguent 
stages showed a steady increase in number, eventually to approximately 2 rows of cells 
numbering ~18 at 50 hpf (Fig.16c). The acidic activity in hair cells was not spherical as 
had been found in the other areas of the body, but it was striking nevertheless and 
prominent in the tip of the cells. 
Neuromasts: 
The lateral line neuromasts constitute an important sensory system in fishes. The 
neuromasts, located on the skin, have sensory hair cells that read mechanosensory 
information. Structurally and functionally, they closely resemble hair cells of the ear and 
we assessed them using LTR. 
LTR labeled the cells of the lateral line system very faintly (just above background 
levels), but almost continuously in the period between 24 and 50 hpf. At times, the acidic 
activity was stronger in a few cells. This activity was found in all neuromasts of the 
posterior as well as anterior lateral line system. By 48 hpf, cells of the anterior line 
neuromast were clearly visible by LTR staining, which outlined the characteristic roseate 
shape of the neuromast organ (Fig. 17). The neuromasts of the posterior lateral line were 
visible from 36 hpf (Fig. 18). Generally, the intense sphericaJ LTR fluorescence, which 
\vould characterize a vacuole, was not presented and neither were the neuromasts 
identified as condensed by light microscopy (Fig.17, 18). No discrimination was made as 
to whether the activity resided in sensory hair cells or in supporting cells. 
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Notochord: 
The notochord forms by a medial migration of mesodermal cells which become 
intercalated, stretched anterio-posteriorly, swollen, and vacuolated. 
While a haze was noticed at the boundaries of the notochord during the 
developmental period between 16-32 hpf (Fig.19), no identifiable labeling indicative of 
autophagic death was visible. 
Skeletal system: 
By 5 dpf, the cartilage skeleton is fully developed. The upper jaw is chiefly 
supported by the ethmoid plate, whereas the lower jaw is supported by Meckel's cartilage 
and ceratohyal. The cartilages will later degenerate to be replaced by bone (Harada and 
Ishizeki, 1998). 
The cartilaginous skeletal system showed lysosomal activity especially in Meckel's 
cartilage and ethmoid plate by 3 - 5 days of development. The activity was found amidst 
a haze of LTR fluorescence with points of intense fluorescence (Fig. 20). 
Somites: 
It has been hypothesized by Sanders and others (Sanders et 01.) 1995) that PCD 
could drive somitogenesis by cutting somite borders. To verify as to whether lysosomes 
played a role in defining somite borders, embryos were incubated at various stages during 
sowitogenesis. While structures resembling active vacuoles were found in earlier stages, 
later than 28 hpf stages did not show such structures in DIC images though LTR 
continued to mark smaller granules at the somitic borders continuously well past 3 dpf. 
42 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
A.s soon as the somites started pinching off, the borders of the somites became 
intensely labeled by L TR. The labeled spots, measuring between 5 and 10 11M, were 
confined more to the somitic margins although some intense fluorescent spherical spots 
were also found between the somites on the dermis as understood from microscopy (Fig. 
21). The fluorescent spots were identified in light micrographs as condensed forms. While 
the margins continued to be labeled steadily up to 5 days, the inter-somitic marginal 
labeling was intense only during the tail bud period, after which the level dropped to a 
few random spots. In later ages, not all of the labels in the somitic margins were spherical, 
a shape typifying an autophagosome or vacuole (Fig. 22); nor were the fluorescent 
granules discernable by DIe. 
Vent: 
In zebrafish, the pronephric ducts of the excretory system and the gut have to exit 
the body through the common opening known as the vent. The vent is known to be 
patent by 4 dpf (Wallace and Pack, 2003). LTR assays were performed to assess the 
participation of autophagy during vent perforation. The vent region of the embryo 
became LTR positive beginning at 33 hpf and the staining peaked at about 38 hpf. The 
tip of the vent, near the exit point, showed large autophagic vacuoles measuring 10 to 15 
11m encompassing almost whole cells in intense fluorescence (Fig. 23). The labeling 
extended also to the anal fins and was also visible in DIe images of the region. The 
labeling drastically reduced after 48 hpf. 
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Tail bud: 
The tail bud is transient structure that is extensively reshaped during 
development. Massive cell death has been reported in the tail bud between 17 and 24 hpf 
(Cole and Ross, 2001). LTR staining was carried out to assess the role of autophagy 
during this process. 
From 17 hpf, we could see intense LTR staining in the tail bud. Large (10-20 11m 
diameter) globular stained cells were concentrated in the tip of the tailbud, the number of 
spots diminishing gradually toward the anterior (Fig. 24). The marked cells were found in 
the dermis as well as in the mesenchyme. A peculiar feature during subsequent stages of 
development (which was also found in the tail as well as in the dermis) was that the 
spherical labeling pock marked after some time, leaving only circular rinds of fluorescence 
with diameters up to 30 11m, and with unlabeled centers (Fig. 25). Intense labeling in the 
tail bud dropped by 24 hpf. 
Tail: 
During development, the tail, starting from the tail bud stage, transforms from a 
rough edged, serrated paddle-like structure to the smooth streamlined contours of the 
median fln fold at later stages, and eventually forms the tail itself along with the anal fin. 
The lysosomal activity had a general pattern starting with splotches in the tail 
bud. By 24 hpf, the activity was conflned to the fringe regions of the tail (Fig. 26). By 30 
hpf, the activity was also found in the body of the tail, i.e., no longer just conflned to the 
margins. There were many obviously dying cells that were easily recognized also in DIC 
images of the region by their condensed shapes (Fig. 27). Some acidic rings with 
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unlabelled centers and size as was seen earlier the tail bud (Fig. 25) were also noticed. 
Subsequently, the labeling was again found predominantly in the distal median fin fold 
edges. The size of the stained cells was similar to those seen in the tail bud. Most of the 
lysosomal staining ceased by 45 hpf (Fig. 28). 
C. SECTION HI: 
Assessments of apoptotic cell deaths in organs and tissues using the 
fluorogeruc caspase 3 substrate PhiPhiLux® (PPL): 
Eye: 
As in LTR studies, peak cell death times as shown by AO profiles were chosen. 
Staged embryos were incubated directly in the substrate. Best results were obtained by 
incubating excess embryos to compensate for low fluorescence, and checking periodically 
every 15-20 minutes after the first hour, for up to 3 hrs. Peak activity occurred at about 
25 -26 hpf (Fig. 29), and subsequently dropped. While sporadic labeling occurred well 
before and after this point, caspase 3 positive cells were few and more random without 
any pattern. 
Hatching glands: 
PPL did not label the hatching glands; only background levels were found (not 
shown), 
Olfactory placode: 
Embryos from stages showing incipience to peaking of cell death in the olfactory 
placode (as determined by initial AO studies, and published TUNEL map) were also 
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incubated with PPL. Beginning at about 28 hpf, there were a few tentacle~like 
fluorescent streaks of caspase 3 activity emanating from the olfactory placode within a 
radius of 10 /.lm from the olfactory pit (Fig. 30). The activity gradually extended rostraUy 
and by 33 hpf took the appearance of an opening flower with the nasal pit at, or just 
under, its base. The number of streaks as well as the size increased with the longest radius 
of spread being about 15 /.lm (Fig. 31) in the ellipse. By 37 hpf, the fluorescent streaks 
had become set so close together to be almost continuous at the edges like a funnel, 
measuring about 20/.lm in the longest radius (Fig. 32). The shortest radius of the elliptical 
spread during the entire period of activity remained between 8~10 /.lm. Subsequently, the 
fluorescence decreased by 40 hpf, indicative of a reduction in caspase 3 activity. No 
recognizable pattern or labeling occurred beyond 45 hpf. 
CeH death was confIrmed by acridine orange labeling in the region (not shown). 
Ear: 
We did not fInd a caspase 3 activity during the times of ear formation at which we 
saw lysosomal activity (P 41) No labeling by PPL occurred in the hair cells at any point in 
our study (data not shown). In light micrographs, we could not see the hair cells clearly at 
any point in development even under 400X magnifIcation. 
Acridine orange did not label the hair cells more intensely than background levels. 
Neuromasts: 
PPL did not label the neuromasts at the times of study (24~50 hp£) during which 
LTR labeled them (P 41). 
46 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
Notochord: 
During and in the period immediately following the formation of the notochord 
from the mesoderm, several cells were positive for PPL between 18-32 hpf .The activity 
was especially found distributed in notochordal cells that had not become swollen or 
vacuolated by 20 hpf (Fig. 33). These cells clearly were not participating in the expansion 
of the notochord. We did not identify a rostrocaudal, caudorostral, or other direction of 
labeling. Subsequently, the labeling decreased sharply and completely disappeared by 32 
hpf. 
Craniofacial development: 
We did not find caspase 3 activity in the cartilages. 
Somite formation: 
PPL cleavage was evident in the trunk dermis as well as tail in the period between 
16 and 23 hpf (Fig. 34). The fluorescently marked cells were distinctly in the dermis and 
predominantly in cells that projected from the skin surface, as could seen by comparing 
with corresponding light micrographs. The activity was superficial and not at the level of 
the myotome as determined by optical steps. No labeling of muscle cells was detected at 
any point during this period. 
Vent formation: 
The vent showed marked caspase 3 activity by 33-53 hpf hours coincident with 
LTR labeling and the activity persisted for up to 48 hpf (Fig. 35). In all, the vent region 
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was positive for caspase 3 activity for a 20 hour period starting from ~ 33 hpf. IndividuaL 
cells could be seen to be positive at the mouth of the vent and in general, the activity was 
confined to the tip of the intestinal passage. Some cells of the pronephric duct were also 
seen to be labeled. 
Labeling by PPL dropped beyond 50 hpf. 
Tailbud: 
The tail bud showed caspase 3 activity at the same times, but not as strongly as 
LTR. Most of the activity seemed limited to the dermis rather than the mesenchyme (not 
shown). 
Tail: 
The caspase 3 activity was found to follow similar contours (Fig. 36) but with far 
fewer cells labeled than those found in LTR staining. By 38 hpf, only a few cells at the 
edges were labeled (Fig. 37). Almost all labeling ceased by 4S hpf. 
D. SECTION IV: 
Developmental changes on exposure to autophagy or apoptosis inhibitors: 
Autophagy and apoptosis were inhibited in ring stage embryos using 3 
methyladenine and Z-DEVD-FMK, respectively. The control embryos in both cases at 
day 5 pf, had low levels of yolk as most of it had been resorbed, and possessed a smooth, 
streamlined body with anterior pointing chevrons arranged symmetrically (Fig. 38). The 
cartilage skeleton was completely developed (Fig. 39), as ,\vere the sense organs. The 
transition of cartilage to bone takes place after day 5 pf. By the 4th day pf, strong 
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peristaltic gut movements were noticed with expulsion of feces, confirming the vent 
was patent. 
3 Methyladenine studies (3MA): 
Sets of 50 gastrulating germ ring embryos were stage selected and incubated in the 
lysosomal autophagosome inhibitor 3I\1A, at concentrations of7, 8, 9,14, and 20 mM. 
Embryos were evaluated each day for up to 7 dpf and scored visually for morphological 
defects as well as outstanding behavioral changes. Embryos surviving past 4 days were 
maintained on Tetramin® baby food. Maturation of vision was evaluated by projecting a 
laser pulse (from a laser pointer) near the embryos placed in a Petri dish, and noting 
startle reflex or feeding attempts. Control embryos either swam toward the illuminated 
spot or were momentarily startled and swam way from the beam. 
Embryos raised in concentrations of up t07 mM 3NL\ in ERM were not 
obviously affected and appeared morphologically and behaviorally normal. Higher 
concentrations produced different concentration-dependent phenotypes. 
At 8 mM, approximately 50% of the embryos showed gross morphological 
abnormalities. The percentage of abnormal embryos approached 1000,/0 above 
concentrations of 9 mM 3MA. 
Broadly, two different phenotypes were produced depending on concentration of 
3MJ\ and the abnormalities became more pronounced by 3 dpf. 
3MA exposed "chin drop" phenotype: 
The phenotype that arose by exposing embryos to 9.5 mM 3MA was catalogued 
as "chin drop" phenotype owing to the lengthened lower jaw seen in these embryos. 
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Embryos incubated from the germ ring stage at 9.5 mM showed an overall 
lengthening of the body and especially the cranio-facial region. The cranium was 
narrower in experimental than in control embryos as measured between the closest two 
points between the eyes (80-100 /lm, as opposed to 150-180 !Jm in controls (Fig. . The 
cranium as well as the eyes were elongated along the anterior-posterior axis. The Meckel's 
cartilage was hyperextended and had a narrower width as could be seen in alcian blue 
stained embryos (length 100-150 /lm, as opposed to 20-30 !JM projection anterior to the 
eyes in controls and width at point of attachment of ceratohyal to Meckel's cartilage 120-
140 !Jm, as opposed 150-160 /lm seen in controls, Fig. 41) as well as micrographs taken 
of the ventral surface of the cranio-facial region (Fig. 40). From a lateral view, the lower 
jaw seemed to jut out from the face, making closure of the mouth impossible (Fig. 42) 
and hence the name of the phenotype. By 5 dpf, the embryos displayed only a partially 
inflated swim bladder, rendering the fish incapable of normal swimming. The intestinal 
contents appeared turbid. The general body length was also longer than in controls. The 
embryos survived for up to 7 dpf. 
3 MA exposed "dwarfy" phenotype: 
Embryos incubated in 14 or 20 mM 3 MA were dwarfed and the phenotype was 
labeled as the "dwarfy" phenotype. About 70% embryos from 14 mM concentration 
inhibition and 100% embryos in 20 mM 3MA exhibited this phenotype by 5 dpf. 
The experimental embryos were smaller in all respects. The animals showed 
microphthalmia and micrognathia and the body was constricted, with length about 50 -
75% as that of the controls (Fig. 43). The cartilages of the jaws were severely affected. 
Meckel's cartilage, though somewhat similar to controls in arrangement of chondrocytes, 
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was much shorter and narrower as could be seem from aldan blue staining (length 
anterior to eyes, 20-30 !-lm, which was about the same size as controls, and width 80-100 
!lm as opposed to controls, 150-180 !lm, Fig. 41). All of the cartilages constituting the 
pharyngeal arches were visibly affected and reduced in size. About 50% of the embryos 
showed an enlarged pericardium. Blood circulation slowed on the day. The swim 
bladder did not inflate. Many embryos had malformed pectoral fins or sometimes one of 
the pectoral fins was missing (Fig. 44), which also added to swimming difficulties, with 
the fish swimming in short bursts in curved paths and coming to rest on the side. The tail 
was twisted and crumpled. The somitic margins were skewed, without the characteristic 
chevron shape and the somites themselves were shorter (approximately 30 !lm in length), 
about half the length as that of controls (approximately 60 /-lm in length). But the 
notochord, though shorter, still maintained its overall, straight, column-like morphology 
as could be seen outlined by alcian blue staining (Fig. 45). The myotome border integrity 
was lost with disorderly arrangement of skeletal muscle pioneer bundles, and these 
embryos were more opaque than controls (Fig. 46). By 4 dpf, embryos showed strong 
intestinal motility, which did not result in the expulsion of feces even by 5 dpf (Fig. 47). 
The yolk was also not resorbed. The embryos did not respond to laser light visual 
stimulus. The phenotype intensified by the day and all embryos died by 5-6 dpf. 
Sets of 50 germ ring stage embryos were also incubated in 75 and 100 !lM 
concentrations of the caspase 3 inhibitor Z-DEVD-FMK. The embryos were maintained 
and visually evaluated for defects as above. 
Depending on severity, we identified two phenotypes. Though many of the 
abnormalities were shared among the two classes, there were differences that were 
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distinct enough that warranted such a classification. We first address the abnormalities 
common to both. 
The most outstanding abnormality in all embryos exposed to Z-DEVD-FMK was 
a hyperextended notochord, which develops many folds by 24 hpf. During the first two 
dpf, the folding of the notochord did not largely affect the somite formation or myotome 
morphology (Fig. 48), but the formation of the spinal cord and dorsal aorta were grossly 
affected, both of these structures showing areas of distension and constriction along the 
folds of the notochord (Fig. 49). By 4 and 5 dpf, the notochord folding and 
hyperextension twisted the entire animal body, thus dramatically affecting the overall 
shape of the animal The points of flexure in the notochord always showed increased 
number of cells (Fig. SO). Phenotypic abnormalities were also seen in the vent region, 
with bubble-like ballooning of the pronephric duct by 4-5 dpf (Fig. 51). 
All embryos displayed micrognathia, the cartilage of the jaws being severely 
affected, and micropthalmia 
Embryos also displayed tail abnormalities by 24-30 hpf with the tail margins 
having a lacerated appearance. 
Z-DEVD-FMK exposed "no to fold" phenotype: 
Animals that had this phenotype generally had a body length 80% to 1 00(/'0 that of 
control embryos, but the notochord itself was hyperextended and folded (Fig. 52), hence 
the name "noto fold". Embryos exhibiting a folded notochord also displayed several 
other associated defects. In 5 dpf embryos, the notochord zigzagged through the animal, 
twisting the animal such that, clear orientation along any plane was impossible, parts of 
the animal presenting a lateral view with other portions presenting different planes of 
52 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
orientation (Fig. 53). The folding of notochord in lesser-affected embryos became less 
severe by the fourth day. The pericardial sac was mildly enlarged in about 30% of the 
embryos grown in 50 /lM Z-DEVD-FMK. The median fin fold had serrated edges by 24-
30 hpf. Heartbeat and circulation appeared to be normal despite the dorsal aorta being 
distended at several points near the notochord folds Wig. 49). The spinal cord was 
compressed and distended at various points. The bubble-like pronephric enlargement was 
present near the vent region. Ivlicropthalmia and micrognathia were also seen with 
pharyngeal cartilages affected to the same degree as described for the "noto curl" 
phenotype described below. Response to visual stimuli was rare and was primarily limited 
to startle reflex; the animal swam in short bursts in curved paths, coming to rest on its 
side as was also seen in the autophagy phenotypes. The yolk was not resorbed even by 
the 5th day. All animals died by the first week of development. 
Z-DEVD-FMK exposed "no to curl" phenotype: 
This phenotype was seen in ~30% embryos grown in 100 /lM Z-DEVD-FMK. 
The overall length of the animal was reduced to 70-60% of cont1'011ength (Fig. 54). The 
notochord was affected to a much greater degree in this phenotype, appearing almost to 
be coiled and hence the name "noto curl". This extreme coiling of the notochord as well 
as certain associated defects distinguished this phenotype from the "noto fold" 
phenotype dealt with earlier. Severe pericardial edema was seen, with the pericardium 
sometimes reaching almost the size of 2 dpf yolk sac (Fig. 54). Due to the drastic 
pericardial enlargement, the heart became stretched linearly so as to be tube-like, 
registering a weak beat with poor circulation. In such cases, the normal zebrafish 
morphology was completely lost. The cranium was smaller and the embryos showed 
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micropthalmia and micrognathia. SometL+nes tL"J.e eye showed a circular granular area 
in the smface of the lens (Fig. 55). Alcian blue revealed a shortened cranio-facial cartilage 
skeleton. All the branchial cartilages were present, but with a constricted and thickened 
appearance (Fig. 41). Meckel's cartilage appeared stubby, with chondrocytes more tightly 
packed and in greater number than in controls, and assumed a characteristic "M" shaped 
appearance. It was also shortened so as to end posterior to anterior end of the eyes. The 
orderly growth of chondrocytes seen in the wild type embryo was absent (Fig. 56). 
Embryos did not respond to visual stimulus. The skin had dermal cells projecting from it, 
giving a rough appearance when compared to the smooth contours of the control (Fig. 
57). Similarly, the median fin fold demonstrated broken margins in contrast to the 
smooth outline of the controls (Fig. 58). The yolk was not properly absorbed and the 
intestinal content remained past 5 dpf. The vent region often had a bubble-like 
enlargement coinciding with the point of opening of the pronephric ducts. 
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CHAPTER V 
Discussion: 
A. Calibration of probes and methodology: 
We began our investigation of peD in zebrafish with the eye as it offered 
dramatic morphogenetic events where peD and partial peD have been documented to 
play important roles during development in various species, namely, during the separation 
of the lens from the ectoderm and programmed removal of lens organelles. Thus, the 
lens could be used to calibrate various peD tools. Two similar processes are active in the 
eye during morphogenesis: peD plays a role during the regression of the lens stalk; 
inhibition of this regression had caused congenital corneo-lenticular adhesion and 
blindness in mice (Ozeki et aI, 2000). And partial peD, so called because the organelles 
are removed without loss of the cell itself, is also active in the lens during development. 
Both processes, though differing in outcome, are very similar in terms of the mechanics 
involved and hence can be tracked by similar techniques. In peD, the organelles as well 
as the cells get neatly dismantled and packaged for removal. In Partial peD, all the 
organelles, including the nuclei, are removed, leaving behind only the cytoplasm and 
membrane; this removal of the nuclei produces positive TUNEL labels in the lens during 
organelle clearance (Dahm and Prescott, 2002). 
We used four probes for studying the eye, namely AO (to label nuclei of dying 
cells); PPL (to monitor caspase 3 activity); LTR (to labellysosomes, and 
autophagosomes) and DAPI (to label all nuclei). AO has been used extensively as a probe 
for cell death in Drosophila and also sporadically in zebrafish (Abrams et al.) 1993; Li and 
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Dowling, 1997; Barallo-Gimeno et 01., 2(04) Previous survey in our laboratory using 
llnnexin V, TUNEL and Hoechst 33342 staining and differential interference contrast 
microscopy (DIC) had established AO as a reliable indicator of cell death in many 
zebrafish tissues (Negron and Lockshin, 2004). We additionally confirmed that the green 
fluorescent spots seen in AO stained sections (Fig. 2A) from most tissues, correspond to 
individual nuclei (though it is possible sometimes for two fluorescent spots set very close 
together and in the same line of sight to be counted as one spot), and we also verified the 
fragmented nuclear morphology in dying cells from a 36 hpf embryo eye using DAPI 
(Fig. 2B). We were further able to confirm that acridine orange was a reliable indicator of 
cell death/ cell organelle removal in the eye by taking into account the following criteria: 
(a) morphology of labeled spots indicative of condensed or fragmented nuclei, (b) 
comparative DIC images of the same region presenting condensed proftles of dying cells 
or vacuoles, (c) temporospatial pattern of LTR labeling, (d) temporospatial pattern of 
cleavage ofPPL, (e) comparison to a less thorough previously published temporospatial 
cell death map using TUNEL (Cole and Ross,2001). 
In an earlier study, Cole and Ross attempted to document counts of positive 
TUNEL labels temporospatially in tissues. We originally expected to quantify cell deaths 
in specific tissues and to use this information for environmental and toxicological studies 
However, from our more thorough study of cell death in the eye, we noted significant 
disparity in PCD data among embryos. We found that (i) PCD occurs in waves and, (li) 
while the sequence of PCD in the organism is defined, progression through the sequence 
as a function of time is not tightly regulated and can vary by up to 3 hours. Similar 
variations in PCD data among staged embryos had been reported previously. Kimmel, in 
his landmark work (I<imme1 et ai., 1995) asserts asynchrony in developmental rates even 
56 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
among embryos from within the same clutch. He also reported slight differences in 
developmental rates between the left and right side of the same animal as clocked by 
progression of the lateral line primordium on either side. At 24 hpf, of 40 embryos that 
we stained, we found more than 60 percent variance in acridine orange labeled cell 
densities in the eye in embryos from the same lot. This is comparable to data collected by 
Cole and Ross using 3 embryos per stage (Cole and Ross, 2001). Thus, increasing sample 
size did not significantly alter variance. When an error bar of ± 10 quantifies a factor of 
20 or less, the range imposed is too great to be statistically meaningful. We concluded 
from this study that in higher organisms, seeking to precisely identify complex cell death 
patterns generated asymmetrically (due to subtle individual variance in developmental 
rates for unknown reasons) would be futile. The number of deaths in invertebrates such 
as C.elegans may be quantifiable because of simplicity of the model. In metamorphosing 
insects also, such definitions may be possible in tissues that may be eliminated in bulk. 
But such precision may be impossible to follow in higher organisms, where the 
differentiation of specific tissues is subject to many more variables. 
We abandoned the idea of quantifying cell death by using cell counts, as the S.D. 
for PCD at any stage was too high to allow any meaningful interpretation of numbers. 
We therefore, directed our attention to the types of cell death that characterized different 
tissues. We correlated cell death with the appearance and disappearance of caspase 3 and 
lysosomal activity and asked how it impacted morphogenesis. Finally, (iii) we analyzed the 
reliability of different methods of evaluating cell death. Not all cell death tools are 
uniformly reliable on different tissues. Much controversy has been generated on false 
positives compromising the apoptosis "gold standard" test, the TUNEL assay. The 
reliability of the assay has been found to vary significantly with tissues and processing 
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methods used (Grasl-Kraupp et 1995;Labat-Nloleur et aL) 1998; Negoescu et 
1998;Stahlein et aL) 1998). Similar pitfalls are present in all the staining methods we have 
seen so far except perhaps for fluorescent enzyme substrates, which are physically cleaved 
to generate a signal, thereby potentially minimizing artifacts. One example of a false 
positive i\O labeling is in the hatching gland. AO labels hatching glands from about 19 
hpf onwards. The morphology of the label as well as the intensity of the staining differs 
substantially from that seen in dying cells. These cells do not label with either LTR or 
PPL, and it is clear from observations in subsequent hours that the cells are not dying at 
those times. Another illustration would be the non-specific labeling of yolk by almost all 
stains owing to lipophilicity. Hence, we decided to determine whether or not the cells 
were dying using other comparative tools and morphological criteria described earlier, 
rather than depending on one positive assay. For this reason our results differ from 
others reported. 
B. Autophagy and Apoptosis in organs and tissues: 
Eye: 
The eye had special significance in our studies (and hence has been detailed to a 
greater extent than other tissues) not only for calibration of probes, but also because of 
the importance of peD during normal development and the consequence of failure. 
Failure of peD is reflected in such abnormalities as Peter's anomaly (congenital corneo-
lenticular adhesion, Smith and Velzeboer, 1975) and Fuch's dystrophy (Pathological 
cornea-endothelial cell loss, Li et aL, 2001). Furthermore, the development of vision 
corrective surgical procedures such as photokeratatomy and cataract removal has led to a 
substantial interest in the role of apoptosis in wound healing in the eye. 
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Our /\0 labeling studies suggested three waves of activity in the cornea and lens 
(Fig. 3). The dips were not identified in the Cole and Ross (2001) study on the same 
tissues and times. This is probably consequent to our using very narrow intervals (every 
hour during the period of cell death with n=6) as opposed to their studies, which used 
broader intervals (once every 4 hours with n=3). The first two waves occurred before 
hpf and the last wave occurred near 36 hpf (Fig. 5). The activity was limited to within the 
circumference of the lens after 25 hpf, su~~esting a role for PCD in the widespread 
elimination of excess ectodermal cell in the cornea prior to this period and a later role, 
after 25 hpf in elimination of the lens stalk and lens cell nuclei. There was no recognizable 
anterior-posterior or dorsal-ventral pattern of cell death. The only pattern that was clearly 
defined was the confinement of labeling to within the circumference of the lens after 25 
hpf. 
To determine whether the patterns we observed played a role in clearing the lens, 
we labeled the embryos with both DAPI and AO. DAPI labeled the lens nuclei 
unambiguously from about 24-30 hpf after which time DAPI did not clearly label the 
center of the lens; eventually this clearing radiated outwards to the margins, with almost 
all labeling lost beyond 55 hpf (Fig. 8). Since most lens nuclei could be labeled as late as 
30 hpf, it is only the second and third wave of PCD / partial PCD that playa role in their 
elimination. Therefore, the wave at 24 hpf appears to be peD removing the lens stalk. 
The PPL label was seen only in the first wave ofPCD/partial peD activity (as 
determined by AO staining) and so it appears that caspase 3 plays a role only in lens stalk 
removal, not in organelle clearing (Fig. 6). This hypothesis found support also from the 
experiments in which we inhibited caspases, as is discussed in the following paragraph. 
We encountered a few embryos (lor fewer in sets of 6) that tested positive for caspase 3 
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prior to and after this point, but these appear to be straggler embryos with idiosyncratic 
developmental rates. 
We obtained further evidence that caspase 3 activity was essential for normal 
morphogenesis and particularly during regression of lens stalk by inhibiting caspase 3. In 
this condition ("noto fold" and "noto curl"), the animals were always micro opthalmic, 
and several of them also showed a small raised ring of cells in the lateral side of the lens 
(Fig. 55)./\11 the fish were partially to totally blind as observed from response to laser 
light stimuli. The origin of the blindness is unknown. 
LTR labeling closely approximated the pattern established by AO. The last wave 
ofLTR labeling at 36 hpf (Fig. 11) was especially intense with most lens cells being 
labeled. We wish to name this phenomenon (which was also subsequently found in other 
tissues) as the "lysosomal burn" and this intense activity seems to play an important role 
in the removal of lens organelles at this stage. As discussed in the introduction, lysosomes 
have been demonstrated to be active during PCD/partial PCD in the eye using EM 
(Garcia-Ponero, Colvee and Ojeda, 1984) and hence the results obtained here confirm 
that interpretation. Thus autophagy also has a role in lens/cornea morphogenesis as well 
as organelle clearance. 
Further evidence for lysosomal involvement in the developing eye comes from 
our inhibition studies resulting in "dwarfy" phenotypes. In these cases also, the animals 
had smaller eyes and were partially to totally blind. But blindness does not appear to be 
due to failure in clearance of the lens stalk; no ring of raised cells was found that would 
support such a hypothesis. 
Surprisingly the "chin drop" phenotypes did not appear to be blind, though the 
eyes were stretched in an anterior-poster direction. This may be due to the fact that the 
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width of the eye (saggital to lateral) always remained comparable to controls, which may 
allow normal image formation on the retina. If this is true, then the blindness seen in 
"dwarfy" as well as "noto fold" and "noto curl" phenotypes may primarily be an issue of 
lens-retina distance. 
\'V'e did not continue detailed studies after 45 hpf in the eye as it exceeded the 
scope of our investigation. 
The expression of caspase 3 in the eye lens, which is derived from the cornea, 
offered a paradox, as activation of caspase 3 usually indicates the apoptotic elimination of 
the cell. But a sequence analysis of zebrafish lens crystallins did not reveal a putative 
DEVD sequence (genbank accession no NP _694482 and NP _775338) and hence even if 
caspases are active, they may not damage crystallins thus allowing the lens tissue to be 
intact, in effect, attenuating apoptosis. 
Olfactory placode: 
During the development of the nose, the bud-like olfactory placode forms the 
olfactory pit by cavitation. For this reshaping to occur, many new cells have to grow and 
differentiate as well as undergo PCD, which would occur in neuronal, ectodermal and in 
mesenchymal tissue. Massive cell death has been shown to occur during this time in mice 
as well as in zebra fish (pellier and Astic, 1994; Cole and Ross, 2001). Since neurons are 
constantly produced in the olfactory epithelium, the process of PCD in the nose has to 
constitutively active even beyond embryogenesis. 
Lysosomal activity was found just below the ectoderm. The activity, originating as 
a small group of vesicles by 33 hpf, spread as the region developed. Huorescence 
labels matched with condensed, dying cells seen in DIC images, especially at later stages. 
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By taking into account the diameter, morphology, and intensity of staining of the vesicles, 
we concluded that these were large autophagic vacuoles (Fig. 13, 14) well characterized by 
their large globular, condensed profiles with sizes ranging between 10-lS microns. The 
signal at tLrnes was so intense we had to use a neutral filter to reduce it. The activity 
was mostly found just below the ectoderm and seemed to be in mesenchymal or neuronal 
tissue. The activity was preceded by caspase 3 activation in the region (P 46). 
Caspase 3 activation was also striking during the formation of olfactory pits. The 
flower like activity had the pit at its base and extended rostrally surrounding the coning 
pit as it grew. We would like to call this phenomenon "the death bloom of caspase 3" 
(Fig. 30, 31). The caspase 3 activity also seemed to take place just beneath the surface 
ectoderm and not on the surface itself. Judging by the shape of the staining, it appears 
that the cells involved are pioneer neurons (Whitlock and Westerfield, 1998) or 
improperly wired olfactory receptor neurons (ORN's) being eliminated. 
The olfactory placode represented a unique tissue in our studies where caspase 3 
activity clearly preceded lysosomal activity by a few hours. The autophagic activity also 
had wider radii of spread than the caspase 3 activity. The meaning of this is not absolutely 
clear as to whether the autophagic vacuoles are clearing neuronal cells that had undergone 
apoptosis earlier (which had been picked up by PPL studies) or whether they are two 
discrete events eliminating different cell types. 
No gross morphological changes were observed on inhibition of either caspase 3 
or lysosomes. If a bulk of the mesenchymal tissue is removed by caspase 3 or lysosomes, 
inhibition of either activity could result in a notably thicker olfactory placode. Since we 
did not notice an abnormal placode in peD inhibited animals, the cells that had been 
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eliminated by peD are most likely neuronal cells, 
morphological changes on inhibition of death. 
Ear & neuromasts: 
would not contribute to gross 
In several species, during development, a "hotspot" of cell death has been found 
in between the pars superior and pars inferior regions of the ear. Cell death has also been 
implicated in the opening of the ear canals (Fekete et af.) 1997). 
Two widely differing reports on cell death in the zebrafish ear have been 
published (Bever and Fekete, 1999;Cole and Ross, 2001). We tried to resolve the issue by 
staining the ear with LTR, PPL, and AO in addition to DIC images of the region. The 
wide discrepancy between the Cole and Ross and Bever data suggests that the data may 
be easy to misinterpret. (Cole and Ross identified cell death by positive TUNEL, whereas 
Bever correlated positive TUNEL labeling with morphological changes). 
In our study, we found LTR staining at the tip of hair cells (Fig. 16a, b, c), but 
AO and PPL did not give positive results. Though the hair cells stain with LTR from 19 
hpf onwards, they did not have the globular shape of autophagosomes or vacuoles, and 
the staining was found only at the tip of the cells. By narrowing intervals of sampling, we 
were able to see new hair cells being added that were also stained by LTR. The staining 
could be mistaken for cell death if this dynamic process is observed at widely-spaced 
intervals or if the morphology of the spots is not taken into account. Our conclusion is 
that the tip of the hair cells are veiJ acidic, causing artifacts in the labeling process; our 
results in the ear are more consistent with Bever and Fekete (1999) results. It is possible 
that the acidity also produced artifactual TUNEL staining interpreted by Cole and Ross as 
cell death (Cole and Ross 2001). 
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neuromasts are specialized structures that are found in amphibians and fish. 
They are structurally and functionally very similar to hair cells of the ear having sensory 
cells that have hair like modifications and for this reason we consider them along with the 
ear. Their morphological, structural and functional resemblance to the hair cells allowed 
us to see if LTR would similarly label them, as it had stained hair cells. 
LTR stained both the organs of the anterior as well as the posterior lateral line 
system from their earliest appearance. The labeling was very similar to those seen in hair 
cells, with faint outlining of the structure and stronger labeling in a few cells (Fig. 17,18). 
The staining times as well as appearance was also very similar to data published by Cole 
and Ross study (2001), who are the only authors to claim cell death during these times in 
the neuromasts of zebrafish embryos. Other researchers had observed cell death only 
later than 5 days of development. 
In our studies, PPL and AO did not give positive signals, nor were the cells easily 
visible in light micrographs, thus arguing against their dying at these times; it is also 
unlikely that the cells are dying at this stage, taking into consideration the fact that they 
had just been generated. While cells playing a scaffolding role may be quickly eliminated 
(as in the case of the lens stalk), cells of the neuromasts have functional roles to fulfill 
and removing them at this time by peD would be a severe impediment for the embryo's 
survival. Hence, we must conclude that the staining in the ear as well as the lateral line 
system to be artifactual or at least inconclusive. 
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Vent: 
The vent of the fish forms by mpture. PCD has been extensively documented to 
be actiye during the opening of the chick cloaca as well as the zebrafish vent (Qi et a!., 
2000; Cole and Ross, 2001). 
In zebra fish it is known that the vent is open by about 96 hpf (\X1allace and Pack, 
2003), as is confirmed by excretion. The exact time of opening has never been 
documented and could possibly yary by a day .The mechanism of mpture has also not 
been described. 
Lysosomal activity was seen in the vent region starting at about 33 hpf (Fig. 23). 
The activity was very strong, engulfing whole cells in intense fluorescence in a lysosomal 
burn. By light microscopy, the vent did not seem fully patent by 48 hpf even though the 
lysosomal actiyity had drastically reduced by then. This led to the intriguing question as to 
what actually caused the vent to open to the outside. 
The question was answered by inhibiting autophagy using the lysosomal inhibitor 
31\L\. The embryos that exhibited the "dwarfy" phenotype had non-patent vents. 
Observations on the 4th day showed that the embryos had strong bowel moments, 
pushing the intestinal content against the posterior-most wall of the Yent, thus causing it 
to balloon and recoil as the pressure fluctuated, but without excretion (Fig. 47). The cycle 
was repeated in short bursts with a few seconds in between for about an hour leading to 
spasmodic ballooning of the region after which there was quiescence. No ballooning of 
the region could be noticed the following day, and the vent remained non-patent. 
Inhibition of autophagic-programmed cell death had apparently resulted in the cloaca 
being imperforate. Death in these phenotypes could be due to toxemia. 
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Thus, the normal mechanism of vent rupture seems to that initially peD 
weakens the vent wall by removing excess cells. After this, intestinal motility on the 4th 
day takes over, and the intestinal contents are pushed toward the vent wall, causing 
rupture by the physical pressure exerted. This is the fIrst visual documentation of the 
phenomenon (Fig. 47). 
Strong caspase 3 activity was also noticed during the same time as lysosomal 
activity (Fig. 35).1\s had been stated earlier, the vent did not appear to be completely 
patent at the end of the activity. 
Inhibition of caspase 3 proved more explanatory. Z-DEVD-FMK treated 
embryos showed a bubble like enlargement of the pronephric duct near the point of entry 
into the vent. This enlargement seems to be a direct result of excretory wastes 
accumulating in the region for lack of an opening to the environment. Thus caspase 3 
seems to playa crucial role in causing the mesonephric duct to open, failing which, the 
ducts do not open into the vent. The intestinal contents were not released even by the 5th 
day. It is not clear as to whether this is indirectly caused by constriction of the gut passage 
by the mesonephric enlargement. This lack of pressure (generated by expulsive bowel 
movements) on the vent/cloaca may also prevent normal rupture (Fig. 51). 
Skeletal system: 
Cranio~fadal development: 
In our evaluation of the early skeleton, we found strong lysosomal activity in 
Meckel's cartilage and ethmoid plate especially during 5 dpf. Unfortunately, background 
fluorescence interfered with our efforts to study lysosomal activity in the cartilage. 
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Inhibition studies proved to be more useful in delineating the role of lysosomes in 
eramo-facial development. The "chin drop" phenotype was characterized by a distinctly 
lengthened lower jaw with an anterio-posteriorally lengthened eye. The reduction of the 
length between the eyes, which indicates the reduction of cranial width, suggests a smaller 
brain than in normal embryos. The hyperextension of Meckel's cartilage could be due to 
3Mi\ interference in the autophagy machinery needed for removal of excess cartilage 
cells. 
"Dwarfy" phenotype embryos showed micropthalmia as well as micrognathia. All 
the pharyngeal cartilage were severely affected, suggesting a vital role for lysosomal 
activity during cartilage formation, though the mechanism remains unclear (Fig. 41). 
While the length of the cartilages was drastically reduced and the cartilages were found 
arranged at a narrower angle, no major change was seen in the overall architecture or 
arrangement of chondrocytes. 
Our PPL studies did not reveal outstanding cartilage staining. The inhibition of 
caspase 3 proved more useful in defining their role. 
Both the phenotypes generated by inhibition of caspase 3 showed severe cartilage 
changes. The architecture as well as overall appearance was drastically different from that 
seen in controls, with almost complete disruption of Meckel's cartilage, which was so 
shortened as to end before the anterior margin of the eyes (Fig. 41, 56). The shortened 
cranium as in the "dwarfy" phenotypes, suggests a smaller brain. Thus, from our studies it 
appears that caspase 3 has a very important role to play during development of cartilage. 
In both types ofPCD, inhibition studies proved useful in understanding their 
individual role in early bone morphogenesis. In both studies, there was an overall overlap 
of phenotypic changes suggesting complementaq roles for the two pathways. Another 
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important finding supporting this view is that, all cartilages were affected by both types of 
inhibition, arguing for an essential role in skeletal development played by both cell death 
pathways. 
Notochord: 
The appearance of the notochord defines the vertebrate. Voight reported 
observations of developmental death in several vertebrates, including fish, rabbits, pigs, 
chicken, and humans (Reviewed by Clarke and Clarke, 1996). In higher vertebrates, the 
notochord gives place to the developing vertebral column by degeneration, which is 
thought to be by PCD. The morphogenesis of the notochord takes place by a 
convergence of mesodermal cells, which then extend anteriorally-posteriorally after 
intercalating into the axis (Fallon and Simandl, 1978;Glickman et aL, 2003). The 
notochord extension is rapid, and always the somlte, notochord boundary is maintained. 
After the cells become vacuolated, they swell, greatly increasing in size (Kimmel et aL, 
1995). Hence, an individual notochord cell's contribution to the overall length of the 
notochord is exponentially increased by its swelling after vacuolization, making regulation 
of cell numbers a critical factor in normal development. 
In our studies, most labeling by PPL in the notochord occurred during the period 
around vacuolization, and was predomlnantly in the marginal cells (Fig. 33). These cells 
did not appear swollen even after 24 hpf, suggesting that they may be straggler cells that 
originally played a scaffolding role. Since major vacuolization is almost complete at the 
time we start to detect caspase 3 activation, it is unlikely that the caspase 3 activity is 
mediating their vacuolization. 
68 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
Caspase 3 inhibition produced dramatic phenotypic changes, strongly supporting 
the hypothesis that it is critical for extra cells to be eliminated. All Z-DEVO-FMK treated 
embryos showed a hyperextended notochord even as early as 25 hpf (Fig. 48). The 
notochord had more cells than in normal embryos, and at later stages, became so 
extended as to grotesquely distort the morphology of the embryo. The points of flexure 
were always marked with increased number of cells (Fig. 50). For up to 30 hpf, the 
changes in the notochord did not affect the shape of the animal, but later to that, the 
influence became pronounced. The associated structures like the spinal cord and dorsal 
aorta were severely affected, leading to areas of distension and constriction in the spinal 
cord and dorsal aorta. This was especially the case in "noto curl" phenotype in which a 
coiling of the notochord was accompanied by cardiovascular defects (Fig. 54). The 
edematous pericardium seen in "noto curl" phenotype could be consequent to physical 
obstructions in vasculature. Since the notochord extends rapidly due to the swelling of 
individual cells, any excess number of cells present by failure of normal reo, would be a 
serious consequence for the animal. 
It is surprising that during tIus period we did not get significant LTR staining, 
wruch had been found in most other tissues accompanying caspase 3 activation during 
reD. Only a background level, haze of staining was seen, suggesting that lysosomes may 
not playa role during morphogenesis of the notochord. 
Inrubition of autophagy using 3J\11J\. produced a shortening of the notochord 
along with overall shortening of the animal, but it is not clear whether this result has to 
do with direct effect on the notochord due to interference with cell death pathway, or, a 
collateral consequence caused by a general slowing in growth of the animal body. The 
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opacity muscles in autophagy-inhibited embryos prevented clear visual access to 
allow interpretation of notochordal changes. 
Somites: 
Some authors have suggested that cell death could drive somitogenesis i.e., the 
segregation of the myotome into discrete segments .We studied the activation of caspase 
3 or lysosomes during segmentation period to see if PCD had a role in somite formation. 
Lysosomal activity dominated somitogenesis both at the ectoderm and somitic 
margins. Cole and Ross had demonstrated cell death in the somitic margins as well as 
epaxial tissue (Cole and Ross, 2001), but it was not as closely confIned to and continuous 
in the margins as we have observed (p. 43). During early stages, large globular vacuoles 
measuring 5-10 /-tm were identifIed in DIC images as well as in LTR studies. At stages 
past 24 hpf, the condensed shapes indicative of dying cells or vacuoles were lacking in 
light microscopy, but in LTR studies we noticed that the fluorescent labeling of the 
somite margins continued well beyond 3 dpf. The activity was, however, noted in much 
smaller vesicles measuring less than 2 /-tm with occasional larger vesicles. The continuous 
labeling suggested an important role in forming of somitic margins, tirst by lysosomal 
vacuoles and later, maintenance of the margins by an "acidic grid". If these 
interpretations were correct, we reasoned that inhibition of autophagic or lysosomal 
activity by 3MA would lead to distortion of somitic margins. 
True to our expectations, on exposing the embryos to 3.l'vL'i, we found the somitic 
margins to lose their integrity, with often-crooked marginal lines in place of straight lines 
in controls. The somites themselves were much shortened in length and width, measuring 
50 to 75% along each dimension of the somites in wild type embryos, leading to a 
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proportional decrease in embryo length (Fig. 46). While the reason for the smaller 
somites is not dear, the loss of somitic marginal integrity suggests an essential role for 
lysosomes in somitogenesis. 
Lysosomal activity was also seen randomly between the somitic margins, in the 
skin and deeper, reaching well into the muscle tissues. The activity in the skin was 
distributed in a few random vacuoles that were similar to those seen in the tailbud and 
tail. 
In 3MA treated embryos, changes seen included the loss of normal morphology 
of muscle bundle pioneers. The muscle bundles had a wavy structure instead of the 
typically linear fibers seen in the control embryos, leading to greater opacity of the animaL 
The muscle fibers appeared to be dystrophic, taking into account the smaller fibers. 
3MA exposed embryos did not show gross morphological changes in the skin, 
these tissues differing from the tail and muscles. 
The role of caspase 3 in segmentation appears to be limited. While many caspase 
3 positive cells were detected in the ectoderm, there was no pattern of death restricted to 
the somitic margins. The activity was almost exclusively confmed to cells protruding from 
the skin surface, suggesting a role in their removal in order to streamline the body. 
Caspase 3 activity was strikingly lacking in the muscle fibers. 
Inhibition of caspase 3 caused many cells in the skin to project from the surface, 
which contrasted sharply with the smooth skin of control embryos, thus supporting the 
presumed role of caspase 3 in smoothing the skin during embryogenesis (Fig. 57). 
Inhibition of caspase 3 by Z-DEVD-FMK did not produce a gross disturbance in 
the margins of the somites (in spite of the severe flexures in the notochord), which would 
have supported a morphogenetic role for apoptosis in somite formation. Nor were any 
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changes noticed in the arrangement of muscle pioneers. Thus, PCD seen in somite 
borders as well as in muscle pioneers seems to be exclusively lysosomal in origin. 
TUNEL positivity mayor may not occur in autophagic cell death. Hence, the 
TUNEL staining found in the margins of somites by the Cole and Ross study could be a 
percentage of the total death, which may not have included autophagic death that we 
have observed. 
Tail bud: 
The tailbud is a transitory structure that gets reshaped quickly into the extension 
of the tail. Since the tailbud has a densely packed mesenchyme, many cells are eliminated 
to sculpt the different structures that are derived from it. Extensive cell death had been 
previously reported in several species, including humans and in the zebrafish (Cole and 
Ross, 2001). 
In our studies of the tail bud, many cells showed intense lysosomal activity and 
were readily identifiable in DIe images. The fluorescent LTR labeled spots had in many 
cases, a completely spherical morphology. At later periods, there were fluorescent rings 
with unlabelled centers, which were seen in DIC images as cratered prominences. The 
fluorescent rings (as well as the spherical morphologies seen earlier) had the largest 
diameter of lysosomal activity encountered in all the embryonic tissue. The 
morphogenesis of the craters is an interesting phenomenon that has not been 
documented before (p. 44). 
Caspase 3 activity was also present randomly, but it was not as strong or as 
extensive as the lysosomal activity. Hence, the death program dominating tailbud 
morphogenesis seems to be lysosomal in origin. 
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Effects on inhibition of autophagy and apoptosis in the tail bud, are discussed 
further below, along with the taiL 
Tail: 
The continuous median fin at early stages, subsequently separates into the anal fin 
and tail. Cell death had been reported in zebrafish during tail development (Cole and 
Ross). 
As had been seen in the tailbud, extensive lysosomal activity was also seen in the 
tail. The activity at times was in spherical vacuoles and other times in rings of 
fluorescence as seen in the tailbud. The dying cells could also be identified in DIC images. 
Cell death in the tail followed a pattern, with initial staining of the fringes. Not 
many cells were labeled in the body of the tail during this time Wig. 26). Later on, the 
vacuoles were also found in the body of the tail (Cole and Ross, 2003). Before all activity 
ceased, the activity was again limited to the fringes, with a few cells showing large 
vacuoles as identified from DIe. Thus, the activity started from the fringe (Fig. 26) 
moving to the body of the tail (Fig. 27) and then localized again to the fringes. 
Inhibition of lysosomal activity caused a crumpling of the tail (especially in 
"dwarfy" phenotype) is unclear whether this results from the shortening of the animal 
body seen in this phenotype or from reduction in lysosomal deaths. \lV'hile the lack of tail 
crumpling in "chin drop" phenotype suggests the former to be true, the misshapen 
pectoral tins found in "dwarfy" phenotype indicates otherwise. 
Caspase 3 was also active during tail morphogenesis. \\1hen caspase 3 was 
inhibited until 22 hpf, the tail had a rough appearance with many cells protruding from it. 
Caspase 3 activity was seen especially in cells, out of line with the tail margin (Fig. 58). 
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The phenotypic changes produced by inhibition of caspase 3 supports an active 
role for caspase 3 during tail formation. The Z-DEVD-FMK exposed embryos showed a 
serrated appearance of the median fIn fold margins, with many interruptions and 
projections from the presumptive margin (Fig. 58). Thus, caspase 3 activity seems to be 
targeted to cells that are eliminated so as to brL1l.g about a smooth contour of the tail 
which would facilitate movement in water (similar activity also seen in skin). The fins of 
the fish showed high levels of lysosomal activity during their fIrst appearance as a bud. 
There was also coincidental expression of caspase 3 activity, but at very low levels. 
Inhibition of lysosomes resulted in embryos having malformed or missing 
pectoral fIns thereby compromising the fIsh's ability to swim (Fig. 44). Thus, lysosomes 
have an essential role in fIn morphogenesis, which may also be the reason for the 
crumpled median fIn fold seen on inhibition of autophagy. 
C. Comparison to Human Congenital Disease: 
Since the abnormalities were novel and severe, we reviewed the literature using 
symptoms for human congenital conditions that could be possibly modeled by these 
phenotypes. The symptoms that we used in our comparison from the 3IV[J\ treated 
phenotypes were the skeletal defects (especially craniofacial), imperforate anus, shortened, 
twisted body, absence/malformed pectoral fIns and tail, blindness, and lethality. 
Meckel's syndrome is a congenital disease in humans in which the chief 
symptoms are micrognathia, micro-ophthalmia, imperforate anus, polydactyly, and death 
(J affe, 1991). No etiology has been found in the past 200 years since it was fIrst 
recognized. From comparing symptoms, we believe the phenotype resulting from 
inhibition of autophagy could be used as a model for studying Meckel's syndrome. \'\'hile 
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further investigation is necessaq to establish such a model, it nl.ay be that l'v1eckel's 
syndrome results primarily from compromised peD II execution during development. 
For comparisons to the phenotype produced by inhibition of caspase 3,we used 
the most outstanding symptoms such as the folded/convoluted notochord, enlarged 
heart, and misshapen body. 
Congenital scoliosis in humans is found to be commonly associated with heart 
defects. Abnormal peD during embqogenesis has been discussed as the etiology of the 
condition (Reviewed by Roberts, 2003). It could be that blood circulation is impeded in 
these cases leading to heart defects. It is obvious that the caspase 3 inhibited phenotype 
created here could be used to model and greatly augment our understanding of vertebral 
column development and to help prevent/cure such abnormalities in children. 
D. Summary: 
Briefly, the common changes seen when caspases and lysosomes are inhibited 
include micro-opthalmia, micrognathia, overall shortened body, tail abnormalities, vent 
abnormalities, pericardial enlargement, improper inflation of swim bladder and 
consequently swimming difficulties and death by the 5th or 6th day. The pericardial change 
seen with both inhibitions appears to be due to impeded blood circulation, which was 
also observed in both (Summary table). 
The reason for the poor inflation of the swim bladder is presently unknown. 
The notable differences between the two types of inhibition include, (1) the dose-
dependent staggering of lines of somitic margins seen when 3MA is used, (2) the 
muscular changes caused by 3MA, not seen in the presence of Z-DEVD-FMK, (3) the 
hyperextended notochord caused by Z-DEVD-FMK, which differed from the shortened 
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notochord caused 31'vlA, (4) the substantial deformation of cartilages caused by Z-
DEVD-FMK, as opposed to the lengthening of Meckel's cartilage caused by 9.5mM 
3.1\1..A, (5) the missing or misshapen flns caused by 31'vfA ,not caused by Z-DEVD-FMK, 
and (6) rough skin and tail, caused by Z-DEVD-FMK exposure compared to the 
crumpled tail caused by 3MA (Summary table). 
To summarize, inhibition of either pathway affected the morphogenesis of organs 
and tissues where we had found expression of that particular type (apoptotic or 
autophagic) of cell death. In most cases, exempting the prominent differences as in the 
myotome and notochord, caspase 3 activity seemed to be intertwined with lysosomal 
activity. Hence inhibition of either pathway using appropriate inhibitors resulted in 
embryos with overall similar changes, whereas differences were pronounced in organs or 
tissue in which one cell death pathway had been found to be exclusive or dominate. Thus, 
from these inhibition studies, it is clear that autophagy and apoptosis, together or 
individually, constitute a powerful morphogenetic force sculpting the early embryo. While 
the common changes produced by inhibition of the pathways support a complementary 
role for both types of cell death, the differences noted above argue strongly for the 
essential individual roles played by each pathway. 
E. Conclusions: 
A major conclusion from our studies is that apoptosis is not a default program of 
cell death across different tissues during organogenesis in the zebraflsh; programmed 
autophagic cell death plays an equally important role in sculpting the early embryo. While 
in several tissues and organs both autophagic and apoptotic cell death overlapped and 
could have been complementary, there were tissues and organs in which exclusive 
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apoptosis or autophagy was noted. In the latter, one type of programmed cell death 
pathway represented proved critical for normal morphogenesis, as evidenced from studies 
using PCD inhibitors. In cases where there was a precedence of apoptosis as seen in the 
olfactory placode, it is possible that autophagy could represent a clearing process for cells 
already killed by caspase 3 activity. 
The caspase 3 activity, which we have recorded and referenced with other cell 
death maps, did not always follow the temporospatial caspase 3 mRL~A distribution map 
published earlier (Yabu et a/., 2001). This suggests an active scheme for time and space 
restricted caspase 3 activation that does not always follow caspase 3 mR~A distribution 
or translation. 
The idiosyncrasy in development rates and dual staining limitations made it 
difficult to arrange caspase 3 and lysosomal activities in sequence in any given tissue. But 
in most cases, cells labeled by AO and LTR could be easily identified in DIC images as 
the refractive index of the dying cell begins to change. Relatively, PPL labeled cells could 
not be as readily identified in DIC images. This, along with the progression of lysosomal 
labeling (in ectoderm) from spherical to vestigial rings, makes it interesting to speculate 
that in tissues where both activities are coincident, cell death is initiated by caspases, but 
the final clearing of the dying cells is left to autophagic vacuoles, with provision for either 
pathway to be triggered independently when one path is compromised. Such an 
hypothesis still, however, falls short of explaining instances of exclusive autophagic and 
apoptotic activities that have been documented here. 
While death of cells has been clearly established by the techniques used (i.e, by 
cross referencing with other criteria mentioned earlier and especially with DIe images), 
whether the lysosomal activity resided in vacuoles or in autophagosomes or in 
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heterophagosomes has not been clearly established, which is a limitation imposed by the 
tinite nature of this study. Another limitation imposed by the same constraint is the 
evaluation of changes on PCD inhibition, which could not be probed at the molecular 
level. 
Future directions of investigation could include (1) further characterization of the 
phenotypes by detailing of changes in individual organs by histological methods including 
electron microscopy, (2) contirming origin of phenotypic changes at gene level by 
creating gene knockouts or even knockdowns by Morpholino or RNAi techniques. 
That both apoptotic (pCD I) and autophagic (pCD II) activities can co-
coordinately or independently contribute to shaping the embryo is logical; programmed 
cell death is an important developmental process failure of which would most likely be 
lethal. It is arguable that a decentralized control of the process is essential for maximum 
survival potential. As has been repoli:ed in gene knockout studies, the cells destined for 
death seem to die irrespective of whether or not caspase activation is prevented, though 
they may die later or with modified apoptotic morphology (Oppenheim et aL, 2(01). 
Thus, programmed cell death is in all probability controlled by a cluster of genes, as 
opposed to a single master gene, that coordinately directs different cell death pathways 
(e.g., autophagy or apoptosis), thereby guaranteeing the removal of the marked cell to 
ensure life. 
78 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
Summary table 
Organl tissue ;PhiPhiLux® ~ysoTracker Red® Morphological l~forPholog~ 
Prof.tle Prof.tle (lysosomal changes -cal I 
(Caspase 3 activity, autophagic on exposure to \changes on I 
activity) and otherwise) Z-DEVD-FMK exposure to 
3MA. 
Eve Fluorescence Seen closely l\1icropthalrilla A conc. of 
seen during following AO seen. 9.SmM 
peaks 1 and Iprof.tles of cell Iproduced 
~ of cel death during all Embryos failed to an anterior-
death as ~eriods. espond to laser -posterior 
mapped ltight. stretching 
usmg AO of the eye 
(Fig. 6). Possible corneo-
lenticular adhesion At higher 
~bsent in suggested by raised conc., 
third peak ring of tissue on micropthal-
lens 1ll1a seen. 
l\1icropthal-
rillc 
embryos 
failed to 
espond to 
aser light. 
Hatching 
- - - -
glands 
Olfactory Strong Strong labeling in 
-
-
placode. abeling autophagic 
(Death :vTacuoles. Labeled 
bloom of cell types probably 
caspase 3, pioneer 
Fig. 31) in neurons~33-S0hpf 
the pioneer 
neurons 
from~ 28-45 
lpf 
Ear 
-
,Labeling of hair 
- -
!cells throughout the 
developmental 
period 
lNeuromast 
-
Labeling of anterior. 
- -
and posterior line 
I 
neuromast. 
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T able continued from previous page 
rrgan/ ti'5ue PhiPhiLux® ~ysoTracker Morphological Morphological 
Profile ed® Profile ~hanges changes on 
I 
(Caspase 3 (lysosomal on exposure to Z- exposure to 
activity) activity, DEVD-FMK 13l'vlA 
autophagic and 
otherwise) 
Somites Sporadic lLabeling 
-
Skeletal muscle 
labeling. sporadically in fibers become 
somites starting coarse and lose 
as large normal 
ivacuoles during arrangement. 
[railbud period Somite length 
followed by educed to 
rinds of about 50-75 % 
fluorescence normal length 
Somitic Sporadic Exclusive 
-
Margins become 
margms labeling but labeling of irregular and 
not exclusive margms coarse. 
to margins persisted 
throughout 
period of study. 
Larger vacuole 
jn the 
beginning. 
"Acidic grid" 
present in later 
stages. 
Notochord ~abels found 
-
IH yperextension of Shortened 
at marginal notochord leading notochord and 
cells in to folding or body (50-75 t;/o) 
notochord in coiling. Coiling at Inormallength at 
the period some cases so higher than 
from 18-32 severe as to 9.5mM cone 
hpf shorten the 3MA exposure. 
animal. The Phenotype was 
!phenotypes were named 
named "noto "dwarf)," . 
fold" and "noto 
curl". 
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Table continued from previous page 
Organ/ PhiPhiLux® lLysoTracker Morphological Morphological 
tissue rrrofile Ired® Profile changes changes on 
I (Caspase 3 (lysosomal on exposure to Z- exposure to I 
activity) activity, DEVD-FMK ,3"NL:\ I 
autophagic and I 
otherwise) 
Craniofacial iNo label [Label in Branchial Severe 
eglOn found. ~1eckel's cartilages severely abnormalities of 
Possible limit cartilage and affected, face. At higher 
of assay. ethmoid plate. becoming short cone. shortened 
,and stubby branchial 
(without normal cartilages. At 
architecture. 9.5mM, 
Meckel's cartilage lengthened 
assumes a distinct Meckel's 
"M" shape. cartilage. The 
phenotype was 
named "chin 
drop". 
Heart. 
- -
Enlargement at Enlarged 
various pericardium 
percentages found sometimes 
at all cone. used. reaching half size 
f~t higher cone. of day 2 yolk sae. 
the enlargement Reduction in 
was so large to blood flow 
take the size f a starting at day 3 
day 2 yolk sac and vastly 
with the heart educed by day 
stretched into a 5. 
thin tube with 
weak heart beat. 
Vent Strong Strong labeling Ballooning of Imperforate 
labeling during the pronephric duct vent, normal 
during the period of at point of entry intestinal motility 
period from ~ caspase3 to vent, frequently without 
33 - 48hpf ,activation observed. excretion of 
contents. i 
!Dermis lLabelingin [Labeling in skin 
-
- I 
cells 
I iprotruding 
I 
from skin 
I I I I 
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T able continued from previous page 
Organ/ PhiPhiLux® LysoTracker Morphological Morphological 
tissue Profile ~ed® Prome changes changes on 
(Caspase 3 (lysosomal on exposure to Z- exposure to 
activity) activity, ~EVD-FMK 3MA 
autophagic and I I 
otherwise) 
Tail Many labeled Large vacuoles Serrated tail Crumpled tail 
cells in tail in tail margms 
Fins Strong 
- -
lMissing or 
labeling. malformed 
Ipectoral fins. 
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Figure 1. Simplified scheme of apoptosis 
Caspase 3 activation through the receptor mediated pathway and nutochondrial pathway 
are outlined. As can be seen from tlus illustration, activation of any initiator caspase leads 
to an amplifying cascade of autocatalysis resulting in apoptosis. Arrows point to reactions 
that are facilitated. A line ending in a bar indicates inhibition. 
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A 
B 
Figure 2. Nuclear morphology demonstrated by dyes 
A. Nuclear localization of acridine orange (AO). Acridine orange fluoresces green when 
bound to double stranded DNA, and red when bound to mRNA or localized to acidic 
vacuoles. To determine whether the green fluorescence corresponded to individual nuclei, 
corneal cells were allowed to die in ERM and labeled with AO. Nuclear localization of 
the dye is obvious. The cell at the extreme left of the field has not taken much stain 
suggesting a yet intact (or slighdy compromised) nuclear membrane. 
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Scale bar 20 
B. Nuclear fragmentation ~36 hpflens stained ~ 36 hpf embryo eye was 
observed at a magnification of 1000X under UV light to determine whether the 
peripheral lens celis, which labeled intensely with AO and LTR in the period between 35-
38 hpf, displayed nuclear fragmentation. The fragmented morphology of the nucleus is 
clearly seen. 
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A 
B 
Figure 3. Acridine Orange (AO) labeling in a 25 hpf eye 
A. DIe image of left eye of 25 hpf embryo at 200X magnification. Many condensed cells 
are visible (arrows) in the boundary region between lens and cornea. Their refractive 
indices differ from surrounding cells, a result of nuclear and cytoplasmic changes that 
constitutes a reliable signature of later-stage cell death. 
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B. Fluorescence image corresponding to A showing AO fluorescence. The bright spots 
are nudei of cells undergoing PCD or partial PCD (arrows); these cells are 
superimposable on the condensed cells seen in 
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L 
A 
B 
Figure 4. AO labeling in a 29 hpf eye 
A. DIC image A shows the eye of 29 hpf embryo at 200X magnification (scale bar 20 
llm). Plane of capture was within the lens region. Many condensed cells can be seen that 
are undergoing PCD or partial peD. lens, R, retina. 
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B. Fluorescence linage corresponding to showing extensive acridine orange labeling 
(arrows) of nuclei. Fluorescence spots approximate the condensed cells seen in 
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A 
B 
Figure 5. AO labeling in a 36 hpf eye 
A. Light micrograph of 36 hpf eye lens at 200X magnification, taken in low light. Plane of 
capture was within the lens. Several condensed cells can be seen in the lens. 
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B. stained· corresponding to A Many lens are seen to 
undergoing PCD or partial PCD (arrows). A few retinal cells are also seen to be dyi.ng just 
to the right of the lens (open arrowheads). 
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Figure 6. peD /Partial peD as a function oftime 
Three peaks (b, f, j) can be seen in this graph generated using average values of 6 
embryos/plot. The standard deviation values for each plot are, a(23 hpf) 3.49, b(24 hpf) 
11.64, c (25 hpf) 6.59, d (26 hpf) 7.28, e (27 hpf)1.83, f (28 hpf) 15.02, g (30 hpf) 2.66, h 
(32 hpf) 2.79,1(34 hpf) 1.17, i (36 hpf) 9.20, k (38 hpf) 6.80,1 (45 hpf) 1.83. Caspase 3 
activity was found only around the fIrst peak, but lysosomal activity followed all peaks. 
Since there was signifIcant variation Lf1 the number of PCD / partial PCD acridine orange 
signatures in cornea and lens nuclei even among staged embryos, we decided to qualify 
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the counts by increasing the sample Similar variations had also been noticed h'1 
previous cell death studies performed on zebrafish embryos and "ve wanted to verify 
whether increasing sample size would reduce the variance. 40 embryos about 24 hpf ,vere 
stained acridine orange evaluated by counting fluorescing spots. this period, 
we established an average of 15.23 cell deaths a range of 35 and S.D. of 9.4. 
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(a) (b) 
(c) (d) 
Figure 7. AO /DAPI dual labeling in a 30 hpf eye 
AOjDAPI dual staining ~30 hpf: (a), light micrograph, (b) DAPI stained image 
exhibiting blue fluorescence (c), and AO staining showing green fluorescence under UV 
light (d). Composite images of (b) and (c). Arrow points to cell death (or nuclear removal) 
that is unambiguously in the lens .The orange staining bodies in (c) are presumably acidic 
vacuoles. 
Scale bar 20 J1m. 
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A 
B 
Figure 8. Programmed elimination of nuclei from lens cells 
A. 33 hpf embryo eye under UV light showing DAPI staining at 200X magnification. The 
core of the lens (arrow) does not show labeling, thus indicating, the centrifugal clearing of 
the lens nuclei. 
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B.72 lens under LTV light demonstrating lack of stained at the 
plane of capture, which was within the lens. The cells in the right of the field showing 
DAI)I stained nuclei are corneal The lens has also substantially increased in size 
over the 33 hpf lens above in 
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A 
B 
Figure 9. AO labeling of hatching gland cells 
A. DIe image of hatching gland cells from 30 hpf embtyos. Arrows point to cytoplasmic 
granules filled with the enzyme chorionase, which helps to dissolve the chorion of 
embryos prior to hatching. 
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granules UV light, corresponding to \Vhile gland 
cells dearly take up AO, the dye locates to granules arranged in symmetrical, grape-like 
dusters in the cells, while the nuclei at this stage remain unlabeled (hatching gland cells 
small nudei are pushed to periphery of the cells). 
The morphology of the staining is clearly distinct from that seen in apoptotic nudei, 
which in early stages appear condensed and in later stages, fragmented. The apoptotic 
signal is also 2-4 fold brighter. 
Scale bar 20 ~m 
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A 
B 
Figure 10. LysoTracker Red® (LTR) labeling in a 25hpf eye 
A. DIe image of ~2S hpf embryo eye. Arrows point to cells that are either dying or 
undergoing partial peD. Note the spread of activity outside the perimeter of the lens. 
The plane of capture was in the cornea-lens border, i.e., the lens stalk. 
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B. Fluorescence image corresponding to under UV light showing marked lysosomal 
aChv-ity as deduced from LTR labeling. Embryos were incubated in acidotropic probe 
LysoTracker Red® (LTR) for a period of 15 minutes at 10 11M concentration. The 
labeled cells (arrows) are directly super-imposable on the condensed cells seen in 
Scale bar 20 Jlm 
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-36hpf -43hpf 
al bl 
a2 b2 
Figure 11. LTR labeling of Lysosomal activity during eye development 
LysoTracker® red studies at 200X magnification (a) and (b) series are from embryos at 
about 36 hpf and 43hpf, respectively. In both series (1) indicates light, (2) fluorescence 
microscopy. Panel (a) shows the "lysosomal bum", (pg 61) in cells undergoing 
PeD/partial peD at 36 hpf (arrows). Most lens cells were labeled at this stage by LTR. 
B2 shows very few labeled cells at this stage. Arrow points to cells undergoing 
PeD/partial peD (organelle clearance). R, retina, LIens. 
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Figure 12. LTR labeling in a 33 hpf olfactory placode 
A. DIe image of the olfactory placode of a 33 hpf embryo. Arrow points to one 
prominent vacuole. The olfactory pit is just forming .01 P, olfactory pit, ey, eye. 
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B. Fluorescence micrograph corresponding to A showing LTR staining. Red arrow points 
to incipient lysosomal activity in small dots around the olfactory pit and white arrow 
points to lysosomal activity in vacuole identified 111. 
Scale bar 10 11m 
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A 
B 
Figure 13. LTR labeling in a 38 hpf olfactory placode 
A. DIe micrograph of 38 hpf olfactory placode. The olfactory pit is just forming and a 
few condensed cells are visible in this image (arrows). 01 P, olfactory pit. 
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B. Corresponding image to captured under UV light showing L TR stained vacuoles 
just underneath olfactory placode. The vacuoles were so intensely bright (arrows) that 
a neutral [llter was used to capture this image. All the vacuoles can be superimposed on 
condensed cells seen in 
Scale bar 10 j.lm 
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A 
B 
Figure 14.L TR labeling in a 42 hpf olfactory placode 
A. DIe image of olfactory placode of 42 hpf embryo. Black arrow points to opening of 
olfactory pit. White arrows point to condensed, spherical prof:tles of dying celis, which lie 
just underneath the ectoderm of the olfactory placode. 
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B. LTR stained image of same region as "A" under UV light. 1be intensely labeled 
spherical vesicles directly correspond to the globose cells seen in The number of 
vacuoles as well as the radius of spread has increased substantially from the previous 
stage. 
Scale bar: 10 Ilm 
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A 
B 
Figure 15.Lack of LTR labeling in a 60 hpf olfactory placode 
A. Light micrograph of the nose of 60 hpf embryo. The olfactory pit is dearly delineated 
and appears to have ruptured. No condensed, spherical structures ate seen in this stage. 
01 P, Olfactory pit. 
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B. Corresponding fluorescence micrograph showing LTR staining. intensely L<HJ'Cl.'CU 
autophagic vacuoles seen in the previous stage underneath the ectodenn of the placode 
have completely disappeared. Only a dull, fluorescent haze is seen surrounding the 
olfactory pit. 
Scale bar: 10 j.lm 
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Figure 16. LTR labeling of hair cells 
A. (fop pic) low magnification image of the zebrafish ear stained with LTR. Arrow 
points to fluorescence, LTR stained hair cells. AoI, Pol, Anterior & posterior otolith. 
Scale bar: 100 ILm. 
B. Arrows point to 3 fluorescentiy labeled hair cells at about 35 hpf. AoI, anterior otolith. 
Scale bar 10 ILm 
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points to 2 rows of labeled hair cells at about 50 hpf. Approximately 16 
cells were counted. The staining outlines the hair cells but does not appear to be in 
autophagic vacuoles, which would exhibit an intense spherical fluorescent label. Aol, 
Anterior otolith. 
Scale bar 20 J.1m. 
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Figure 17. LTR labeling in the anterior lateral line neuromasts 
A. DIe micrograph of 48 hpf embryo. Arrow points to position of anterior lateral line 
neuromasts located between the ear and eye. Ey, eye, Er, ear. 
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B. Fluorescence corresponding to showing LTR staining of anterior line 
neuromasts. The characteristic roseate shape of the neuromasts organ is faintly outlined. 
\X1hile the neuromasts were always (to varying degrees), the staining usually did 
not reflect the condensed morphology of an autophagic or its intense 
fluorescence. 
Scale bar 20 11m. 
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B 
Figure 18. LTR labeling in the posterior lateral line neuromasts 
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Ao image of ~ 38 hpf zebrafish at first posterior lateral neuromasts. 
Black arrow points to the location of the nemomasts. The nemomasts can be very faintly 
recognized in this image. 
Bo Fluorescence image corresponding to Four cells are seen to be labeled by LTR, but 
the fluorescence is without the spherical morphology, which would typify an autophagic 
vacuole. 
Scale bar 20 11m 
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B 
Figure 19. Lack of distinct LTR labeling in the notochord 
A. DIe image of ~42 hpf notochord near the tail region. The cells of the notochord have 
become vacuolated and swollen. 
B. Fluorescence micrograph corresponding to A showing very light staining of structures. 
The absence of lysosomal activity in the notochord is notable. 
Scale bar 20 11m 
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B 
Figure 20. LTR labeling in the craniofacial cartilages of a 5 dpf embryo 
A. Light micrograph of day 5 dpf embryo. The cartilage skeleton is fully developed. The 
upper jaw is chiefly supported by the ethmoid plate whereas the lower jaw is supported 
by Meckel's cartilage and ceratohyal. The cartilages will later degenerate to be replaced by 
bone. 
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B. Fluorescence micrograph conesponding to The lower jaw cartJages (arrow) show 
regions of L'1tense lysosomal activity at this stage as made out from LTR labeling. 
Scale bar 100 !-lm 
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Figure 21. LTR labeling in the somitic margins of a 22 hpf embryo 
A. Light micrograph of 22 hpf wild type embryo showing condensed structures (arrows). 
Up to about 24 hpf, the large globular vacuoles in dying cells are confined closely to 
somitic margins. 
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B. Fluorescence ilucrograph corresponding to A showing LTR labeling of vacuoles seen 
m Smaller spots of fluorescence are also present, being confined exclusively to margins 
and these v/ill persist beyond 3 (hatching). 
Scale bar 20 11m 
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B 
Figure 22. LTR labeling in the somitic margins of a 40 hpf embryo 
A. Light micrograph of 40 hpf control embryo trunk showing the chevron shaped 
somites. No condensed profiles suggesting autophagic vacuoles are presented. 
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B. Fluorescence micrograph ofLTR labeled somites corresponding to The ,"-'HU.U'-
margins dearly show labeling along the somjtic borders as well as along horizontal 
myoseptum. This lysosomal activit)r, judging by the morphology of stained spots, does 
not appear to be in autophagic vacuoles. However, this acidic grid is precise and as 
discussed in page 72, seems to play an essential role in maintaining somitic border 
integrity as revealed by lysosomal inhibition studies. 
Scale bar 20 flm 
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B 
Figure 23. LTR labeling in the vent region 
A. DIe image of 50 hpf vent, which is the common passage for both the digestive and 
excretory system (arrow). The vent appears to be partially patent by this stage as can be 
seen from this micrograph. Yk. Yolk. 
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B. Fluorescence micrograph corresponding to A showing LTR staining. The vent 
shows intense lysosomal activity large autophagic vacuoles (arrows). Yk. Yolk 
Scale bar 20 /.lm 
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B 
Figure 24. LTR labeling in a 20 hpf tail bud 
A. Light micrograph of 20 hpf tail bud. The surface appears cratered (arrows) in many 
places and there are also condensed, globose cell profiles seen throughout the tailbud. 
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B. LTR stained fluorescence image corresponding to entire tailbud shows 
extensive lysosomal activity in autophagic vacuoles, which fmally pockmarks the surface. 
The heavily stained areas (arrows) correspond to cratered surface in 
also found deeper in the mesenchyme. 
Scale bar so !J,m 
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Figure 25. L TR labeling in a 22 hpf tailbud 
A high magnification fluorescence image of 22 hpf tail bud showing LTR staining. 
Staining changes to rinds of fluorescence in this LTR stained embryo. The spherical 
autophagic vacuoles change to these rings of fluorescence before disappearing altogether. 
Scale bar 20 !-lm 
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Figure 26. LTR labeling in tail margins of a 26 hpf embryo 
A. DIe image of 26 hpf tail of wild type embryo. Arrows point to rough edges in the tail. 
128 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
B. Fluorescence micrograph corresponding to A labeling. lysosomal 
activity (arrows) at this stage is found almost exclusively in the fringes, and not within the 
body of tail. 
Scale bar 50 !lm 
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A 
B 
Figure 21. LTR labeling in the tail of a 30 hpf embryo 
A. DIe image of 30 hpf tail. Numerous autophagic cells are clearly recognizable by their 
condensed morphology and altered refractive index. The tail has a coarse appearance with 
many cells raised from the surface. 
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B. LTR stained, fluorescence micrograph corresponding to All the cells .>-_.",_BLAU'-..... as 
dying in the DIe image "1\" appear as intensely labeled spheres. Many stained cells are 
seen in the body of the as well as a few labeled also at the edges, but exclusive 
peripheral edge labeling has ceased. 
Scale bal-: 50 ~m 
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Figure 28. Lack of L TR labeling in the tail of a 43 hpf embryo 
A. DIe image of 43 hpf embryo tail. The tail appears to have smoothened out. No 
condensed cells or vacuoles are seen in the micrograph. No, Notochord. 
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B. Fluorescence image corresponding to Almost no autophagic actiyity has been 
detected by LTR; only very few cells at edges are at this time. 
Scale bar 20 
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B 
Figure 29. PhiPhiLm:® (PPL) fluorescence in a 25 hpf embryo eye 
A. ~2S hpf zebrafish embryo eye showing PPL fluorescence captured at 200X 
magnification. The only strong period of caspase 3 activity (arrow) demonstrated in the 
eye occurred between 24 and 27 hpf, which coincided with the fUst peak of PCD / partial 
FCD determined by AO studies. 
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B. Image corresponding to A captured under UV and incandescent green 
in place. The caspase 3 activity (arrow) can be dearly seen to be spilling outside lens 
perimeter at this stage. 
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Figure 30. PPL fluorescence in a 28 hpf olfactory placode 
To assess whether caspase 3 played a role in the morphogenesis of the olfactory placode, 
embryos were incubated in the caspase 3 substrate PPL. 
A. DIe image of a 28 hpf embryo nose with the olfactory placode immediately adjacent 
to the eye. The olfactory pit, wr..ich is just beginning to form, is seen as a small dent in the 
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placode. Grey arrow to one condensed structure that may an autophagic 
vacuole. 01, Olfactory pit, Ey, eye. 
R Fluorescence image corresponding to showing first signs of caspase 3 activity as 
small green fluorescence labels in the olfactory placode. 
Scale bar 1 0 ~m 
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Figure 31. PPL fluorescence in a 33 hpf olfactory placode 
A. DIe image of 33 hpf olfactory placode of embryo. The olfactory placode is 
immediately adjacent to the eye. 01 P, olfactory pit. 
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B. Corresponding image under UV light demonstrating PPL cleavage as evinced by 
fluorescence (arrow). The flower-like fluorescence pattern ("death-bloom") has the 
olfactory pit as its base and seems to be just under the ectoderm of the pit wall. The 
acti"vity has also substantially increased L'l area of spread oyer the preYl0us stage. Cell 
type: Pioneer neurons or olfactory receptor neurons. 
Scale bar 10 11m 
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Figure 32. PPL fluorescence in a 37 hpi olfactory placode 
A. Light micrograph of 37 hpf olfactory placode of embryo. 01 P, olfactory pit. 
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B. Corresponding image to "A" showing PPL staining (arrow) r",hhu'pr! UV light. 
The flower-like fluorescence pattern has reached its maximum spread and will disappear 
by 45 During this period, the different streaks of fluorescence are so dose together 
so as to be almost continuous edge to edge. Cell type: Pioneer neurons or olfactory 
receptor neurons. 
Scale bar 10 11m 
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Figure 33. PPL fluorescence in a 28 hpi notochord 
A. DIe image of 28 hpf wild type embryo showing the developing notochord. The 
notochord forms by a medial migration of mesodermal cells, which become intercalated, 
stretched anterio-posteriorly, swollen and vacuolated. No, Notochord, Yk, Yolk. 
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B. Image corresponding to photographed in UV light. Many of the 
caspase 3 acti .. -ity (green arrows) as deduced by signal from cleaved PPL. 
Scale bar 50 11m. 
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Figure 34. PPL fluorescence in til 19 hpf embryo skin 
A. Light micrograph of 19 hpf, wild type embryo. The notochord cells are just becoming 
vacuolated. Many cells on the skin are seen as projecting out from the body surface giving 
it a rough appearance. No, Notochord. 
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B. Fluorescence micrograph conesponding to A. Many skin cells, which jut out in 
show marked caspase 3 activity. Signal from cleaved PPL. 
Scale bar 50 11m 
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Figure 35. PPL fluorescence in a 48 hpf vent 
A. DIe image of 48 hpf embryo vent (arrow). The vent at this stage does not appear to 
be patent. 
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B. Fluorescence micrograph corresponding to The vent shows marked caspase 3 
activity in this region (anow) as deduced by signal from PPL deavage. A few fin cells 
are also positive. 
Scale bar 20 /lm 
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Figure 36. PPL fluorescence in a 27 hpf embryo tail 
A. Light micrograph of 27 hpf tail. No, Notochord. 
Fluorescence image corresponding to "A" showing caspase 3 activity in a few cells in 
the body of the tail (arrows) as well as in the ectoderm, determined by cleavage of PPL. 
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Notice labeled spots are not visible in unage labeling of 
by PPL is a continuation of earlier labeling seen in the skin and tail. 
Scale bar 50 
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Figure 37. PPL fluorescence in a 38 hpi embryo tail 
A. DIC image of 38 hpf cells in the tail. One cell appears to be dying and is condensed 
(arrow). 
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B. Fluorescence micrograph corresponding to Ii showing caspase 3 activity as deduced 
by PPL cleavage. 3 strongly labeled cells are present (arrow). None of these spots are 
evident in The staining seen body of tail has almost completely 
disappeared; only a few cells at the edges of the tail are labeled beyond this point. 
Scale bar 20 11m 
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Figure 38. Day 5 control embryo 
Sequential shots of the embryo were taken under 40 X magnification and composited using fiduciary points. 
TIy, Eye, Pc, Pericardium, 01, Otolith, Sb, Swim bladder, Yk, Yolk, No, notochord, Gt, Gut, Vt, Vent. 
Scale bat 100 IJ,m. 
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Figure 39. Aldan blue stained day 5, Control embryo 
Part of the yolk is still unresorbed. 
Ey, Eye, Ep, Ethmoid plate, Mc, Meckel's cartilage, Ch, Ceratohyal, Sb, Swim bladder, Yk, Yolk, No, Notochord. 
Scale bar 100 /lm. 
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Figure 40. Meckel's cartilage hyperextension in 9.5 mM 3MA exposed embryo 
A. Ventral light micrograph of the head of 5 dpf control embryo. The labeled points 
facilitate comparison of changes in experimental animals exposed to 9.5mM 3MA. 
B. Light micrograph of the head of 9.5mlvf 3MA treated embryo ("chin drop" 
phenotype) showing striking morphological changes when compared with control 
embryo A. Embryos were incubated from the ring stage in the autophagy inhibitor and 
monitored visually for changes each day. By the 5th day, the lower jaw was about twice 
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lcngrh control embryos in front of eves ; . The space between 
narrower indicating lesser cranial width. The eyes were anterior-postenorly 
elongated (CD), but the oyerall saK',;ital to lateral width of the eyes "vas comparable 
embr.yos died by 7 dpf. Micrometer 1 unit = mlCrons. 
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Figure 41. Pharyngeal cartilage abnormalities in PCD inhibitor exposed embryos 
To monitor skeletal changes on PCD I and n inhibition, embryos were stained with 
alcian blue. All four are 5 dpf representative embryos at identical magnification In all 
images, Mc, Meckel's cartilage, Ch, ceratohyal, Cb, ceratobrancrual (1 through 5). 
A, Control embryo, B, Embryo exposed to 9.5mM 3MA, C, Embryo exposed to 100 f1M 
Z-DEVD-FMK and D, Embryo exposed to 20ml\13MA. In B, Meckel's cartilage has 
become elongated anterior the eyes and the head width is also narrower ("chin drop" 
phenotype). In C, Meckel's cartilage does not have the normal architecture, forming 
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almost an "M" shaped arch' of the semicircle seen the control ("noto curl" 
phenotype). The cartilage is so shortened as to end posterior to the anterior margins of 
the eye. The distance betvJ"een the J\1eckel's· cartilage and ceratohyal is also dramatically 
reduced in C. In ("dwarfy" phenotype), though there is semblance of nonnal 
architecture, Meckel's cartilage as well as the ceratohyal are much shorter and form a 
narrower, more acute arch. The distance between the first two cartilages are again, 
reduced. 
Scale bar 100 J.lm 
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Figure 42. Abnormalities in the Meckel's cartilage of a 3MA exposed embryo 
A. Lateral view of the of day 6-control embryo. The outline of Meckel's cartilage can be 
seen faindy in this light micrograph. 
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B. Lateral view head of 6 dpf r-"'~h',..,'n exposed to 9.5mM demonstrating "chin 
drop" phenotype. lower jaw protrudes as compared the control A. The mouth 
does not dose because of lower jaw extension. The fish swim with their mouths open as 
shown in Fig .B. 
In both images, Me, Meckel's cartilage, scale bar lOOflm. 
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-CJ\ o Figure 43. Light micrograph of 5 dpf embryo exposed to 20 mM 3MA 
Embryo shows "dwarfy" phenotype. Sequential photographs were taken in 40X magnification and aligned using 
fiduciary points. 
Obvious changes are reduction in overall length to about 50-75% of wild type embryos and dilated pericardium. 
Ey, Eye, 01 ,otolith,Pc, pericardium,Yk, yolk, Vt, Vent. 
Scale bar 1 00 ~m 
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Figure 44. Pectoral fin abnormalities in a 3MA exposed embryo 
A. Light micrograph of 5 dpf control embryo. Both pectoral fins can be seen in this 
ventral view. 
B & C. Light micrograph of embryo exposed to 20m11 3MA treated at 5 dpf ("dwarfy" 
phenotype). Right (B) and Left (C) pectoral fms (arrows) of the same embryo. Both the 
fins are severely malformed. In some cases the fins were absent. Such embryos have 
obvious swimming difficulties, which is made more severe as the swim bladder in all 3MA 
exposed embryos, inflates only partially if at all. 
161 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
Scale bar 
1 
R
eproduced with perm
ission of the copyright owner.  Further reproduction prohibited without perm
ission.
I-' 
0\ 
W 
Figure 45. Aldan blue stained day 5, 20mM 3MA exposed embryo 
Embryo shows "dwarfy" phenotype. 
The shortened skeletal structures are outlined by alcian blue. 
Me, Meckel's cartilage, Ey, Eye, Pc, pericardium, Sb, Swimbladder, Yk, yolk and No, Notochord. 
Scale bar 100 Ilm 
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Figure 46. Somitic boundary abnormalities in 3MA exposed embryo 
A. DIe image of 5 dpf control embryo showing unbroken well-defmed somitic 
boundaries (arrows). 
Scale bar 20 Jlm 
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B. DIe image of 5 dpf embryo exposed to 20mM 3MA showing loss of integrity 
at the margins (arrows), and coarse skeletal muscle fibers that do not have the smooth 
arrangement of muscle pioneer bundles seen in A. The sottlites are also much smaller, 
being about 50-75% the length and 50-75%) the 
Scale bar 20 
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Figure 47. Non-patent vent in a 14mM 3MA exposed embryo 
A. Sequential images of the vent of 4 dpf embryo exposed to 14m1vf 3MA. 
Pictures (1,2 and 3) were taken roughly 2-3 seconds apart. The embryos showed strong 
intestinal motility and intestinal contents were repeatedly pushed as a bolus against the 
un-ruptured vent wall, only to recoil back without being released and in effect, cycling 
through sequence 1,2 and 3 on the 4th day. The embryo was subsequendy released into a 
Petri dish containing ERM for observation the following day. 
B. Picture (4) was taken on day 5, and shows the vent of the same embryo. The peristaltic 
motions had subsided and the vent remained non-patent (arrow). The gut does not exit 
the body. 
Scale bar 20 J1m 
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Figure 48. Notochord abnormalities in a 24 hpf Z-DEVD-FMK exposed embryo 
To confirm the morphogenetic nature of the apoptotic activity, embryos were incubated 
in Z-DEVD-FMK and monitored visually for defects. Both images shown above are of 
identical magnification. 
A. Light micrograph of the trunk of 24 hpf control embryo. Note that the notochord 
cells are arranged in the form of a linear tube. 
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B. Light micrograph trunk of 24hpf Z-DEVD-FMK (100 exposed 
showing gross twisting of the notochord. Notice that, in spite of the severe "S" shaped 
distortion in the notochord, the sornites as well as the somitic margins are unaffected. At 
this stage, the overall body shape of the embryo, except for notochord, resembles 
of controls. later stages, the notochord to a great extent mfluences the morphology of 
the embrvo. 
Scale bar 50 /-tm. 
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Figure 49. Notochord abnormalities in a 48 hpf Z-DEVD-FMK exposed embryo 
Light micrograph of ~48hpf 100 11M Z-DEVD-FMK exposed embryo. The folding of 
the notochord is obvious. The dorsal aorta as well as the spinal cord are severely affected 
by the curvature of the notochord, and show areas of distension and constriction along 
the folds. No, Notochord, Yk, Yolk. Asterisk is in an area of distension on the dorsal 
aorta where red blood cells have accumulated. 
Scale bar 100 11m. 
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Figure 500 Notochord flexure in a Z-DEVD-FMK exposed embryo 
To further rule out (or rule in) a morphogenetic role for caspase 3 during this process, 
embryos were incubated in Z-DEVD-FMK and visually monitored. Both images shown 
above are of the same magnification. 
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A. micrograph 5 dpf control Note the integrity of margins of 
somites (arrows). somites have the chal'acteristic chevron shape. Note also the 
straight, column-like architecture of the notochord. 
B. Light micrograph of 5 dpf, Z-DEVD-FMK exposed embryo. The somitic margins 
have integrity (white arrows) spite of the grossly bent regions in the notochord ("noto 
fold" phenotype). Notice that the areas of flexure in the notochord always have more 
cells than other regions (black arrow). Note also that the somites are of comparable 
dimensions as in control embryos and the muscle bundles also appear to be nonnal. 
Scale bar 50 11m. 
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A 
B 
Figure 51.Non-patent pronephric duct in Z-DEVD-FMK exposed embryo 
To confirm a morphogenetic role for apoptosis during the opening of the vent, embryos 
were incubated in Z-DEV-FMK and visually monitored for abnormal development. Both 
images shown above are of identical magnification. 
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A. Light lJJ1crograph of day 5 dpf control embryo. The pronephric ducts as as the gut 
open into the common vent. The patency of the vent is evident expulsion of intestinal 
content. Pd, Pronephric duct, Gt, Gut, Fe, Feces. 
B. Light micrograph of Sdpf Z-DEVD-FMK treated embryos. The dramatic bubble-like 
swelling of the pronephric duct is obvious. The vent is also not patent. The vent is also 
not patent. Even with patency, the gut could still be blocked by the pronephric bubble. 
Pb, Fronephric duct, asterisk is in vent. 
Scale bar 20 11m 
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Figure 52. Alcian blue stained, 5 dpf, Z-DEVD-FMK exposed embryo showing "noto fold" 
phenotype 
The folded/coiled notochord is strikingly obvious as well as the unresolved yolk. The ethmoid plate and 
Meckel's cartilage are shortened and stubby. The pericardium is also enlarged. 
Ep, ethmoid plate, Mc, Meckel's cartilage, Ey, eye, Pc, pericardium, No notochord and Yk, Y olle 
Scale bar 100 Jlm. 
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Figure 53. Light micrograph demonstrating "no to fold" phenotype 
light micrograph of Sdpf Z-DEVD-FMK exposed embryo showillg "noto fold" 
phenotype. Pictures were taken at 40X magnification in sequence and aligned on fiduciary 
points. 
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In this case, the fJ""C"~'~"''-u."u enlargement is not as severe as "noto curl" phenotype. The 
hyperextension of notochord and notochordal folding is obvious. pronephric 
bulge is also evident. The twisting of the notochord prevents dear orientation on any 
plane. For instance, in this picture, the head presents a ventral view whereas the body 
and tail are almost completely lateral. 
Ey, Eye, 01, Otolith (right and left), Yk, Yolk, No, notochord, Vt, vent asterisk on 
pronephric bulge. 
Scale bar 1 00 ~m. 
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-.l Figure 54. Light micrograph of a 5 dpfZ-DEVD-FMK exposed embryo showing 
"noto cud" phenotype 
Pictures were taken in sequence under 40X magnification and composed using fiduciary point alignment. 
This extreme phenotype is to a great extent influenced by the coiled notochord. 
Ey, eye, 01, otoliths, Ht, heart,Pc, pericardium,No, Notochord,Yk, yolk, Vt, vent. 
Scale bar 100 /lm. 
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Figure 55. Lens stalk remnant in Z-DEVD-FMK exposed embryo 
A. DIe image of the eye of day 3 dpf control embryo. L, lens, R, Retina. 
178 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
B. DIC image of the eye of 3 dpf embryo exposed to 1 j.lM Z-DEVD-FI\lK. PPL 
studies had indicated a role for caspase 3 in dearing of the lens stalk. In this caspase 3 
inhibited embryo, the central raised tissue in the lens appears to be a remnant of the lens 
stalk that was not cleared by the wave of apoptosis. 
Scale bar 20 11m 
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A 
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Figure 56. Abnormal chondrocytes arrangement in the pharyngeal cartilages of 
peD inhibitor exposed embryos 
Embryos 5 dpf stained with the cartilage stain aldan blue. All images are of identical 
magnification. In all micrographs, Mc, Meckel's cartilage, Ch, ceratohyal. 
A. Control embryo showing alcian blue staining. The long ceratohyal is dearly visible. 
The cells are arranged in a stack symmetry up to the meeting point of the two cartilages 
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B. Embryo exposed to 20mi\1 narrower angle made by the ]'vleckel's cartilage 
as well as the ceratohyal is obvious. The cells do not have the orderly packing seen in 
C. Embryos exposed to tJ.1'vI Z-DEVD-FrvfK. orderly arrangement of cells as 
well as the architecture of the pharyngeal arches is absent, the arches being short and 
stubby with smaller, but thicker cartilages having increased number of chondrocytes .The 
Meckel's cartilage has a characteristic ":t\·I" shaped appearance in all Z-DEVD-FMK 
exposed embtyos. 
Scale bar 50 /.lm. 
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Figure 57. Skin abnormalities in Z-DEVD-FMK exposed embryo 
To confirm a morphogenetic role for PCD-I in clearing skin cells, Z-DEVD-FMK 
treated embryos were visually evaluated. 
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A. DIC 
fonning. 
cells. 
a of of ~24 hpf anterior 
surface of the skin is almost completely smooth 
chevrons are 
almost no projecting 
B. DIC image of trunk of a ~24 hpf, Z-DEVD- FMK exposed embryo. Many cells on 
the skin are projecting from the surface of the dermis giving a rough appearance. 
Scale bar 50 !lm 
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Figure 58. Tail margin abnormalities in Z-DEVD-FMK exposed embryo 
Caspase 3 activity had been detected in the skin and tail of early embryos by PPL studies. 
To determine the role of caspase 3 during tail IfIn fold morphogenesis, embryos were 
184 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
exposed to Z-DEVD-FMK and visually monitored daily. Both images are at identical 
magnification. 
A. Light micrograph of a 48 hpf control embryo. Arrmv points to the smooth, unbroken 
line of the median fin fold border. 
B. Light nucrograph of 100 j.1M Z-DEVD-FMK exposed embryo. The borders of the 
median fin fold appear lacerated, having numerous interruptions (arrow) as well as 
protrusions. The findings complemented the abnormalities seen on the dernus under 
sinUlar conditions (Fig. 57). 
Scale bar 50 j.1m. 
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3MA 
apg 
aut 
AO 
Apaf-l 
Bad 
Bak 
Bax 
Bd-2 
Blk 
Bik 
Ced 
DAPI 
DIe 
DMSO 
dpf 
DISC 
EM 
CHAPTER VI 
Abbreviations 
3-Methyladenine 
autophagy defective 
autophagy 
Acridine orange 
Apoptosis protease-activating factor I 
Bcl-2 associated death promoter 
Bcl-2 homologous antagonist Ikiller 
Bcl-2 homologous antagonist x 
B celllymphomalleukemia 2 
Bik-like killer protein 
Bcl2- interacting killer 
Cell death defective 
4',6 Diamidino-2-phenylindole 
Differntial interference contrast 
Dimethyl Sulfoxide 
days post fertilization 
Death inducing signaling complex 
Electron microscopy 
ERM Embryo rearing medium 
(O.5g HaCI, 0.015g KCL, 0.0815g MgSo4, 0.02g CaCI2, 500ml DW) 
FADD Fas associated death domain 
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Fas L 
Fas R 
hpf 
hsc 73 
LTR 
PARP 
p53 
PCDI 
PCDn 
pf 
PLNE 
PPL 
PTU 
TNF 
TRADD 
TUNEL 
Z-DEVD-FMK 
Fas ligand 
Fas receptor 
Hours post fertilization 
Heat shock cognate 73 
LysoTracker Red@ 
Poly ADP-Ribose Polymerase 
Protein 53 
Programmed cell death type-I 
Programmed cell death type-II 
Post fertilization 
Programmed lens nuclear elimination 
PhiPhiLux@ 
Pheny lthiourea 
Tumor necrosis factor 
TNF associated death domain 
Terminal dUTP nicked end labeling 
Z-Asp (OCH3)-Glu(OCH3)-Va[-
Asp (OCH3)-FMK 
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